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Los llamados subproductos de desinfección del agua son la cara menos 
amable del hito que en Salud Pública ha supuesto el empleo del cloro u otros 
desinfectantes. Los inconvenientes de este empleo no son desde luego 
comparables a sus beneficios, pero para muchos de estos compuestos los 
estudios epidemiológicos han establecido con desigual certeza un mayor riesgo 
de cáncer, malformaciones fetales y abortos. Los ácidos haloacéticos (HAAs) 
clorados y bromados constituyen la familia de compuestos más importante 
dentro de la fracción no volátil de los subproductos de desinfección presentes 
en el agua potable estando 5 de ellos regulados. Debido a la alta toxicidad y 
riesgo cancerígeno de algunos HAAs, se hace necesario desarrollar métodos 
analíticos rápidos y sensibles para monitorizar su concentración, estabilidad, 
distribución, etc., en las aguas. 
La cromatografía de gases con detección de captura de electrones o 
espectrometría de masas son las técnicas más empleadas en la determinación de 
HAAs. La necesidad de llevar a cabo una etapa previa de derivatización, debido 
a la naturaleza polar y ácida de estos compuestos que impiden su volatilización 
directa, se considera un inconveniente de estos métodos puesto que aumenta el 
tiempo del tratamiento, añade coste y supone más riesgos ya que estos reactivos 
son tóxicos. Los métodos desarrollados hasta la fecha para la determinación de 
HAAs en agua tienen el inconveniente de necesitar condiciones drásticas en el 
tiempo (40–120 min) y en la temperatura (50–90 ºC) para la 
derivatización/extracción de estos compuestos. Esto conlleva a la degradación 
de la mayoría de los HAAs debido a que son especies inestables (sobre todo con 
la temperatura). 
En base a estas premisas, el contenido de esta Memoria inicialmente se 
orientó al diseño, desarrollo y aplicación de nuevas metodologías 
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rápidas/miniaturizadas para la determinación de HAAs en muestras de aguas 
tratadas y orina, así como el estudio de la exposición a estos contaminantes. 
Inicialmente se seleccionaron los 9 ácidos acéticos clorados y bromados 
que pueden aparecer en el agua tratada, que se componen de los 5 HAAs 
regulados por la U.S. EPA y aquellos que se plantean regular en una próxima 
etapa. 
Los objetivos específicos que se pretenden conseguir en el desarrollo de 
esta Memoria son: 
1. Desarrollo de un nuevo método rápido para la determinación de HAAs 
por HS–GC–MS aprovechando la simplicidad de esta técnica, que 
permite llevar a cabo la derivatización y volatilización de los analitos en 
una sola etapa. En este punto también se pretende estudiar la posible 
degradación térmica de los compuestos en el portal de inyección del 
cromatógrafo de gases. 
2. Desarrollo de nuevos métodos de microextracción empleando 
disolventes orgánicos (microextracción en fase líquida) y fibras 
recubiertas con fases extractantes (microextracción en fase sólida). Las 
innovaciones van encaminadas a llevar a cabo la derivatización de los 
analitos en medio acuoso para suavizar las condiciones de la 
derivatización y acortar el tiempo de análisis. Otro de los objetivos 
planteados ha sido buscar alternativas a los disolventes orgánicos 
convencionales empleados en microextracción en fase líquida porque 
ensucian tanto la columna del cromatógrafo de gases como la fuente de 
ionización del espectrómetro de masas por su baja volatilidad (1-octanol, 
dodecano, diexil éter, etc., PE ~200 ºC). 
3. Aplicación de las metodologías desarrolladas para la determinación de 
HAAs en muestras de agua tratada y orina de personas expuestas, 
donde estos compuestos son excretados tras su ingestión. 
4. Evaluación de la exposición a HAAs en piscinas cubiertas y al aire libre. 
El estudio comprende tanto usuarios como trabajadores de piscinas. 
Objetivos 
 
 5 
También se planteó establecer la cinética de excreción de los analitos y 
las posibles vías de entrada en el organismo. 
5. Estudio de las posibilidades de los reactivos derivatizantes más 
frecuentes, tanto en medio acuoso como en medio orgánico, descartando 
el diazometano por su peligrosidad, con objeto de suavizar las 
condiciones de la derivatización con técnicas que acortan el tiempo y 
disminuyen la temperatura de derivatización. 
Además de los objetivos planteados inicialmente en la Memoria, durante 
el desarrollo de la investigación científica han surgido nuevos ítems relevantes: 
6. Ampliar el estudio de los ácidos acéticos clorados y bromados a sus 
homólogos yodados, ya que son subproductos de desinfección 
emergentes poco estudiados y más tóxicos que sus homólogos clorados y 
bromados. 
7. Aplicar las metodologías más robustas y sensibles al análisis de bebidas 
alcohólicas y productos de IV Gama (hortícolas) donde pueden aparecer 
como consecuencia del procesado tecnológico en la industria.  
 
 
 
 
 
 
 
 
 
 
Objetivos 
 
6   
La Memoria se estructura de tal forma que al inicio de cada Capítulo se 
muestra un esquema con idea de ofrecer una información inicial sobre los 
objetivos abordados en el mismo. El esquema general al que se hace referencia 
es el siguiente: 
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Water disinfection is one of the most important public health advances 
of the last century. However, chemical disinfection has also raised a public 
health issue: the potential for cancer and reproductive/developmental effects 
associated with chemical disinfection byproducts (DBPs).The non 
volatilehaloacetic acids (HAAs) are the second most prevalent class of DBPs 
formed in treated water. Currently, 5 HAAs are regulated by the U.S. EPA. The 
high toxicity and carcinogenic risk of some HAAs, make it necessary to develop 
rapid and sensitive analytical methods to monitor its concentration in water.Gas 
chromatography (GC) with electron capture detection or coupled with mass 
spectrometry (MS) are the most widely techniques used to determine HAAs. 
However, a prior derivatization step of the HAAs to their respective methyl 
esters is mandatory to make them suitable for GC due to the low volatility and 
high polarity of this kind of analytes. The methods developed to date for the 
determination of HAAs in water have two serious drawbacks: the time required 
to derivatize the target analytes (40–120 min)and the degradation of the most 
unstable species at high temperatures (50–90 ºC). 
Based on the foregoing, the aim of the doctoral work was initially 
focused on the design, development and application of new rapid/miniaturized 
methodologies for the determination of HAAs in treated water and urine 
samples, as well as the study of exposure to these contaminants. 
The 9 chlorinated and brominated HAAs that may occur in treated water 
were initially selected, which include the 5 HAAs regulated by the U.S. EPA 
and those that may be regulated at a later stage. 
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The specific objectives to be achieved in the development of this Report 
are as follows: 
1. To develop a new rapid method for the determination of HAAs by HS–
GC–MS. The HS methodology arose as a simple technique that allows 
derivatization and volatilization of the HAAs in a single step. Another 
objective is to study the possible thermal degradation of the compounds 
in the injection port of the gas chromatograph. 
2. To develop new methods based on liquid-phase microextraction (LPME) 
and solid-phase microextraction (HS–SPME) techniques. Methylation of 
the analytes is carried out in aqueous medium to soften derivatization 
conditions and shorten the analysis time. Another aim of this study is to 
select an alternative extractant to conventional organic solvents used in 
liquid phase microextraction techniques since they are retained both in 
the chromatographic column and in the ion source due to their low 
volatility (1-octanol, dodecane, dihexylether, etc., BP ~200 ºC). 
3. To use the developed methodologies for the determination of HAAs in 
treated water samples as well as urine samples from exposed people, 
where these compounds are excreted after ingestion. 
4. To assesstheexposure of swimmers and workers to HAAs in indoor and 
outdoor pools. Another aim of this work has been to establish the 
kinetics of urinary HAA excretion as well as to estimate the contribution 
of the three routes of exposure (ingestion, inhalation, and dermal 
absorption) to the total HAA uptake. 
5. To study the most commonderivatizing reagents used for the 
methylation of the HAAs both in aqueous and organic media in order to 
soften the derivatization conditions.The hazardous diazomethane was 
discarded. 
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New relevant items have emerged along this doctoral work: 
6. To study of the chlorinated and brominated HAAs along with their 
iodinated analogues, as they are emerging DBPs more toxic than their 
chlorinated and brominated analogues. 
7. To use the most robust and sensitive methodologies for the 
determination of HAAs in alcoholic beverages and minimally processed 
vegetables, where the target analytes may occur as a result of the 
technological process in the industry. 
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A scheme is shown at the beginning of each chapter with the idea of 
providing initial information about the aims addressed. The general format of 
the scheme is as follows: 
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1. El agua y los sistemas de potabilización. Subproductos de 
desinfección 
El agua es uno de los recursos básicos para el desarrollo económico y 
social de cualquier civilización. Debido a la disponibilidad limitada de este 
recurso y al impacto que la actividad humana tiene sobre su composición existe 
un gran interés a nivel social y sanitario sobre todos los aspectos relacionados 
con la calidad del agua. Además, hoy en día se sabe que el agua es una de las 
principales vías de transmisión de bacterias, virus y protozoos a los animales y 
al hombre. Este hecho ha provocado que su ingesta sin tratamiento alguno o con 
tratamiento deficiente haya provocado a lo largo de la historia grandes 
epidemias a la humanidad causando la muerte de millones de personas así 
como múltiples enfermedades como diarrea, cólera, disentería y fiebre tifoidea 
entre otras. La desinfección del agua a principios del siglo XX supuso un gran 
avance en Salud Pública gracias a la reducción de las enfermedades infecciosas 
de origen hídrico.1 
Desde la antigüedad los sistemas de potabilización se basaban en 
obtener un agua clara y limpia. A principios de 1700, se comenzó a emplear 
sistemas de filtración como medio efectivo para la eliminación de partículas del 
agua. A mediados de 1800 se demostró que la filtración lenta sobre arena 
además de la eliminación de la turbidez del agua también conseguía eliminar 
microorganismos patógenos causantes de fiebre tifoidea, disentería y cólera. No 
fue hasta 1908, en la ciudad de Nueva Jersey en los EEUU, cuando se aplicó por 
primera vez hipoclorito sódico como agente primario de desinfección. En 1914 
el Servicio de Salud Pública de los EEUU redactó la primera reglamentación 
referida al agua, recomendando el uso del cloro para el control de especies 
patogénicas que pudiesen estar presentes en los sistemas de suministro de agua 
potable.2 
En la actualidad, el sistema de tratamiento convencional para obtener un 
agua potable consiste básicamente en una desinfección primaria del agua 
natural a la entrada de la planta, seguida de un proceso físico-químico (ej. 
coagulación/floculación), una filtración sobre arena y una desinfección 
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secundaria antes de introducir el agua en la red de suministro. Las 
características que resumen un buen desinfectante son la alta capacidad de 
destruir los microorganismos patógenos, no ser tóxico en las cantidades 
normales de utilización, coste asequible y que tenga un efecto residual de 
manera que constituya una barrera sanitaria contra la recontaminación en la red 
de distribución.3 El cloro es el desinfectante más empleado debido a su 
efectividad y bajo coste, sin embargo se emplean otros desinfectantes como 
ozono, dióxido de cloro, hipoclorito sódico, hipoclorito cálcico, permanganato o 
cloraminas entre otros. En España, por ley (RD 140/2003) debe mantenerse un 
nivel máximo de cloro libre residual de 1 mg/L a lo largo del sistema de 
distribución. En cualquier caso el tratamiento aplicado debe garantizar una serie 
de parámetros microbiológicos y físico-químicos que hagan el agua potable apta 
para su consumo. Además, la constante evolución de la sociedad ha hecho 
necesario una reevaluación continua de las técnicas de desinfección para 
garantizar un tratamiento del agua lo más completo y eficaz posible. 
Los desinfectantes son efectivos para eliminar los microorganismos 
nocivos presentes en el agua, pero también son poderosos oxidantes que oxidan 
la materia orgánica natural, y los iones bromuro y/o yoduro presentes en el 
agua formando subproductos de desinfección (DBPs). Actualmente se sabe que 
cualquier desinfectante empleado produce en el agua potable su propia 
colección de DBPs.4 Estos compuestos pueden llegar a plantear una cuestión de 
Salud Pública debido a los efectos potencialmente cancerígenos para la salud 
asociados con ellos.5 
La historia de los DBPs comenzó en 1974 cuando primero Rook6 en los 
sistemas de distribución de agua potable de la ciudad de Amsterdam (Holanda) 
y un poco más tarde, y de manera independiente, Bellar7 en la ciudad de Nueva 
Orleans (EEUU) detectaron la presencia de cloroformo en aguas de 
abastecimiento que habían sido cloradas. Éste fue el primer DBP descubierto, 
que posteriormente se agruparía en la familia de los trihalometanos (THMs). 
Estos estudios establecieron que los THMs eran los productos resultantes de la 
reacción del cloro (añadido como desinfectante) con la materia orgánica 
presente en el agua. Actualmente en la bibliografía se pueden encontrar más de 
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600 DBPs, no obstante se ha estudiado únicamente un bajo porcentaje de estos 
compuestos. La Figura 1 muestra la estructura y la distribución más común de 
algunos DBPs halogenados detectados tras aplicar un tratamiento convencional 
de potabilización (cloro).4 A partir de dicha distribución se observa que los 
THMs seguidos de los ácidos haloacéticos (HAAs) son los dos grupos 
cuantitativamente más importantes representando un 20 y un 10% del carbono 
orgánico halogenado, respectivamente. 
 
Figure 1. Porcentajes de DBPs halogenados en un agua clorada en función del 
halógeno orgánico total. 
Los HAAs, que representan la mayor proporción de la fracción no volátil 
de los DBPs, son una familia de compuestos orgánicos basados en la molécula 
del ácido acético (CH3COOH), en la que uno o más átomos de hidrógeno unidos 
a los átomos de carbono son reemplazados por un halógeno (cloro, bromo y/o 
yodo).  Existen 9 especies de ácidos acéticos clorados y bromados, que son las 
más ampliamente estudiadas y las que aparecen en las aguas más 
frecuentemente: los ácidos monocloroacético (MCAA), monobromoacético 
(MBAA), dicloroacético (DCAA), tricloroacético (TCAA), bromocloroacético 
(BCAA), dibromoacético (DBAA), bromodicloroacético (DDCAA), 
clorodibromoacético (CDBAA) y tribromoacético (TBAA). Los ácidos acéticos 
Halógeno orgánico desconocido 
62.4 %
Ácido bromocloroacético
2.8 %
Suma de los 5 HAAs regulados
10 %
Hidrato de cloral
1.5 %
Trihalometanos
20.3 %
Haloacetonitrilos
2 %
Cloruro de cianógeno
1 %
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yodados se han descubierto recientemente como un nuevo grupo de DBPs 
emergentes, mucho más tóxicos que sus análogos bromados y clorados: ácido 
monoyodoacético (MIAA), cloroyodoacético, bromoyodoacético y 
diyodoacético.8 
2. Formación y aparición de ácidos haloacéticos 
Las investigaciones pioneras llevadas a cabo por Rook6 y Bellar7 en 1974 
demostraron que el cloro reaccionaba con la materia orgánica natural (NOM) 
presente en el agua para dar lugar a los DBPs. La materia orgánica natural es el 
precursor de los DBPs en el agua, la cual resulta principalmente de la 
degradación de la fauna y flora circundantes que conforman el sistema acuífero 
utilizado para captar el agua. Su cantidad y naturaleza varían, dependiendo de 
la fuente de origen (lagos, ríos, arroyos, agua subterránea) y de los procesos 
biogeoquímicos que intervienen en el ciclo del carbono en los sistemas terrestres 
y acuáticos. La NOM consiste en una mezcla compleja de compuestos orgánicos 
con composición química y estructuras desconocidas y se puede separar en 
distintas fracciones: i) sustancias húmicas o fracción hidrófoba (ácidos húmicos, 
ácidos fúlvicos y humina) y ii) sustancias no húmicas o fracción hidrófila 
(carbohidratos, proteínas, péptidos, aminoácidos, ácidos carboxílicos, 
compuestos fenólicos y lípidos e hidrocarburos en bajísima concentración). Las 
sustancias húmicas representan la fracción más abundante de la NOM del agua, 
y están formadas por una mezcla de distintos compuestos de elevado peso 
molecular, polifuncionales y de carácter ácido.9 Aunque los ácidos húmicos sean 
una fracción minoritaria entre las sustancias húmicas acuáticas, poseen mayor 
potencial de formación de DBPs por su mayor concentración en carbono 
aromático.10 Sin embargo, los ácidos fúlvicos suelen ser los mayores 
contribuyentes a la formación de los DBPs, debido a que están presentes en 
mayor cantidad.11 
La complejidad de las moléculas orgánicas que representan la NOM del 
agua ha provocado que el estudio de los mecanismos de formación de los DBPs 
con los diferentes desinfectantes empleados se haya basado en compuestos 
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modelos muy alejados de las estructuras reales de estos componentes. Un 
objetivo de estas investigaciones ha sido y es determinar cuáles son los 
principales precursores (orgánicos e inorgánicos) y qué variables influyen en la 
formación de DBPs. La respuesta de esta cuestión podría servir para determinar 
cuál podría ser el tratamiento óptimo para un agua natural. 
Tradicionalmente se ha considerado a las sustancias húmicas como 
compuestos formados mayoritariamente por unidades estructurales de 
resorcinol11 que serían los principales responsables de la formación de HAAs. 
En la Figura 2 se muestra el mecanismo propuesto por Boyce y Horning,12 que 
incluye una serie de reacciones comenzando por sustitución electrofílica, 
seguida de apertura oxidativa del anillo aromático, adición y descarboxilación. 
La reacción tiene lugar en el carbono activado no sustituido entre los dos grupos 
funcionales hidroxilos. Finalmente, la fragmentación de la molécula (en A) 
forma el trihalometano, mientras que la ruptura por la inserción de un 
hidróxido (en B) permite la formación del ácido haloacético. 
 
Figura 2. Mecanismo de cloración del resorcinol. La ruptura de la molécula en A forma 
CHCl3 y en B origina TCAA.  
Los compuestos β-dicarbonílicos, tanto aromáticos como alifáticos, 
también han tomado especial importancia en la formación de HAAs.13 En la 
Figura 3 se muestra el mecanismo de formación de HAAs a partir de los ácidos 
3-oxopropanoico y 5,7-dioxooctanoico. Los aminoácidos también son 
precursores de HAAs. Existe una mayor variación en la formación de HAAs 
dependiendo de la estructura del amino ácido, siendo el triptófano, la tirosina, 
la histidina, el ácido aspártico y la asparagina los amino ácidos que originan 
niveles más altos de estos compuestos.14 En la Figura 4 se muestran las rutas 
propuestas para la formación de HAAs durante la cloración del ácido aspártico. 
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(A)
 
(B) 
 
Figura 3. Mecanismo de cloración de los ácidos 3-oxopropanoico (A) y 5,7-dioxooctanoico (B). 
 
 
Figura 4. Rutas propuestas de formación de HAAs mediante cloración del 
ácido aspártico. 
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En lo que respecta a la formación de ácidos acéticos bromados, se sabe 
que la presencia de iones bromuro no sólo aumenta el total de DBPs sino que 
además dispara la formación de especies bromadas.15 Los iones bromuro son 
oxidados por el desinfectante para formar ácido hipobromoso (HOBr), el cual 
reacciona de inmediato para formar ácidos acéticos bromados.16 El ácido 
hipobromoso reacciona más fácilmente con la NOM que el ácido hipocloroso 
por ser un agente más eficaz de sustitución halógena.  
Los ácidos acéticos yodados son contaminantes emergentes y se han 
estudiado muy poco hasta la fecha. Sin embargo se ha demostrado 
recientemente que la formación de DBPs yodados se favorece cuando se usan 
cloraminas (NH2Cl) como desinfectante.17 NH2Cl reacciona con el yoduro (I–) 
inicialmente presente en el agua para formar el ácido hipoyodoso (HOI), que es 
la forma activa de yodo que puede reaccionar con la materia orgánica natural. El 
poder oxidante de NH2Cl no es lo suficientemente fuerte para oxidar el yoduro 
a yodato (IO3–), el cual es el sumidero deseado de yodo en plantas de 
tratamiento de aguas, y por lo tanto HOI se estabiliza en disolución.18,19 
De todo lo anterior se concluye que hasta la fecha no se conocen los 
mecanismos exactos de formación de HAAs.11 Sin embargo, se sabe que ciertas 
variables influyen en estos procesos: la dosis de desinfectante, el tipo y la 
cantidad de materia orgánica presente, el tiempo de reacción, el pH, la 
temperatura y la concentración de los iones bromuro y yoduro en el agua. 
Así, la formación de HAAs se favorece a elevadas concentraciones de 
desinfectante y precursores orgánicos, siguiendo una relación lineal, y a medida 
que aumenta el tiempo de contacto,20 de manera que se incrementa su 
concentración con el tiempo de permanencia del agua en la red de distribución. 
Generalmente, las especies individuales mayoritarias de los HAAs (TCAA y 
DCAA) se forman rápidamente y a continuación se mantiene una tasa de 
formación continua y más lenta.21 
La concentración de HAAs se incrementa a medida que disminuye el pH 
del agua, registrándose concentraciones más altas a pH 5.22 Cuando se 
incrementa del pH provoca una bajada en la concentración de HAAs debido 
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probablemente a reacciones de hidrólisis de los HAAs dando lugar a otros DBPs 
(ej. THMs). 
La temperatura también es un parámetro importante en la generación de 
HAAs dado que su aumento conlleva un incremento en la concentración de 
estos compuestos. De hecho, se observa un aumento de la concentración en las 
estaciones más cálidas.20 No obstante, García-Villanova y col., indican que los 
HAAs se pueden degradar a THMs a altas temperaturas por actividad química 
o microbiológica.23 
Finalmente, la concentración de iones bromuro y/o yoduro en el agua 
afecta de manera significativa a la proporción relativa de cada HAA.16 
3. Toxicidad de ácidos haloacéticos 
Diversos estudios toxicológicos han establecido que la exposición a estos 
compuestos favorece el desarrollo de cáncer en animales de laboratorio. 
Además, un estudio epidemiológico llevado a cabo por King y col. puso de 
manifiesto un incremento en el riesgo de cáncer y de aborto en humanos 
asociado a la exposición a altos niveles de HAAs en agua de bebida.24 La 
mayoría de los estudios de toxicidad se han centrado en DCAA y TCAA porque 
son las especies encontradas más frecuentemente y a mayor concentración en el 
agua tratada. El sistema Integrado de Información sobre Riesgos de la Agencia 
de Protección del Medio Ambiente (IRIS)25 ha clasificado al DCAA dentro del 
grupo B2 (probable carcinógeno humano), basándose en datos insuficientes 
sobre su capacidad cancerígena para el ser humano y en pruebas suficientes de 
tal capacidad en animales de experimentación, y al TCAA en el grupo C 
(posible carcinógeno humano) en base a evidencia limitada de carcinogenicidad 
en animales. El resto de los HAAs no han sido clasificados con respecto a su 
capacidad cancerígena. 
Los estudios sobre la genotoxicidad y mutagenicidad del DCAA han 
evidenciado la formación de tumores hepáticos en ratas y ratones tras la 
administración en agua potable con altas concentraciones de DCAA.26,27 El 
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TCAA provoca daño en DNA de células de mamíferos y alteraciones 
cromosómicas e induce tumores hepáticos en ratones.28 Los escasos datos 
existentes de la toxicidad del BCAA indican que es genotóxico y mutagénico en 
ensayos in vitro con bacterias e induce daños en el DNA de células de 
mamífero.29,30 DBAA induce tumor hepático y pulmonar en ratones y además 
produce mesoteliomas en la cavidad abdominal de ratas y leucemia.1,28,31 
También se ha demostrado que los HAAs pueden provocar problemas de 
fertilidad, aborto y malformaciones en ratas.32 
A pesar de que los resultados de la bibliografía discrepan en términos de 
la potencia citotóxica y mutagénica de estos compuestos, todos los estudios 
coinciden en que los ácidos acéticos yodados, son más tóxicos que sus 
homólogos bromados, y estos a su vez son más tóxicos que sus homólogos 
clorados.33,34 Además la toxicidad incrementa a medida que decrece el número 
de átomos de halógenos por molécula.35-37 Recientemente se ha descubierto que 
MIAA es el más genotóxico en células de mamífero de todos los DBPs 
estudiados hasta la fecha.33 
El mecanismo de la actividad cancerígena no está totalmente establecido. 
Recientemente Pals y col. han investigado el mecanismo biológico que conduce a 
la toxicidad de los HAAs, con especial énfasis en los monohalogenados.38 La 
citotoxicidad y genotoxicidad de estos compuestos está altamente relacionada 
con su capacidad para someterse a reacciones SN2 y con su potencial 
alquilante.34 Los agentes alquilantes provocan su acción citotóxica mediante la 
formación de enlaces covalentes entre sus grupos alquilo y diversas moléculas 
nucleofílicas presentes en las células. Además, los ácidos acéticos 
monohalogenados reducen la disponibilidad de nutrientes y oxígeno en las 
neuronas, mediante la inhibición de la actividad de la enzima gliceraldehído-3-
fosfato deshidrogenasa (GAPDH), lo que provoca estrés oxidativo. Diversos 
estudios han demostrado que la enzima GAPDH se asocia con la aparición de 
enfermedades neurológicas. Según Plewa, si una persona tiene una mutación 
natural de GAPDH y se expone a niveles altos de estos DBPs, puede ser más 
susceptible a los efectos adversos para la salud, como la enfermedad de 
Alzheimer. El investigador insiste en la necesidad de estudiar más a fondo los 
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DBPs yodados, ya que son los más reactivos en la inhibición de la función de la 
enzima GAPDH. Más recientemente el mismo grupo de investigación39 ha 
puesto de manifiesto que los 3 ácidos acéticos monohalogenados tienen un 
mayor efecto genotóxico y clastogénico en linfocitos humanos primarios que en 
otras células de mamíferos. Estos 3 HAAs inducen un incremento en la 
frecuencia de aberraciones cromosómicas. Además estás células son menos 
eficientes en la reparación del daño inducido por los ácidos acéticos 
monohalogenados que otras células de mamífero. 
4. Legislación de ácidos haloacéticos 
El carácter tóxico de los HAAs ha originado que las Administraciones 
Públicas hayan considerado a los DBPs un problema para la salud. 
Consecuentemente han establecido límites máximos para estos compuestos 
mediante reglamentaciones referidas a la calidad del agua potable. Los EEUU 
en 1979 fueron pioneros en fijar un nivel para DBPs estableciendo un límite 
máximo para THMs de 100 μg/L  a través de la agencia de Protección 
Ambiental de los Estados Unidos (U.S. EPA).40 En la Fase 1 de la Norma de 
Desinfectantes y Subproductos de Desinfección (D/DBP) en 1996 se disminuye 
el límite permisible para los THMs a 80 μg/L y se establece por primera vez un 
límite de 60 μg/L para la suma de 5 HAAs (MCAA, MBAA, DCAA, TCAA y 
DBAA).41 Estos límites afectarán a todos los sistemas públicos de abastecimiento 
de agua que agregan un desinfectante, sin tener en cuenta el control de la 
dosificación. La Norma entró en vigor en enero de 2002 para los sistemas de 
agua para grandes superficies y de aplicación en enero de 2004 para agua de 
pozo y sistemas pequeños de abastecimientos. La Fase 2 de la norma D–DBP 
contempla una reducción del nivel máximo de contaminante de HAAs a 30 
µg/L y considera además los ácidos bromodicloroacético, clorodibromoacético, 
y tribromoacético. En Europa, no fue hasta 1998 cuando una Directiva Europea 
fijó un valor máximo de THMs de 100 μg/L.42 Esta directiva fue traspuesta en 
España a través del Real Decreto 140/2003,43 siendo efectiva desde enero de 
2009. No obstante hasta la fecha no hay reglamentación alguna sobre los HAAs, 
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aunque actualmente la Unión Europea está considerando regular los 9 ácidos 
acéticos clorados y bromados a 80 µg/L.44 A parte de los valores máximos 
fijados por diferentes países la Organización Mundial de la Salud recomienda 
unos valores máximos de 20, 50 y 100 μg/L para MCAA, DCAA y TCAA, 
respectivamente.45 
5. Métodos analíticos para la determinación de ácidos 
haloacéticos 
De forma general, la metodología analítica utilizada para la 
determinación de HAAs en muestras de agua se puede dividir en las siguientes 
etapas: muestreo, preparación de la muestra (extracción y derivatización de 
HAAs) y separación/determinación de los analitos. 
5.1. Muestreo y conservación 
Los métodos de la U.S. EPA 552.146 y 552.247 y el Método Estándar 625148 
son muy similares en cuanto a los procedimientos de muestreo y 
almacenamiento. En estos métodos las muestras se recogen en recipientes de 
vidrio ámbar de entre 50 y 100 mL. El agua de grifo se deja correr durante 3–5 
minutos para que la temperatura se estabilice y para eliminar el agua estancada. 
Para la toma de la muestra de un agua de superficie, se llena una botella o un 
vaso de precipitado con la muestra de un área representativa. Las muestras se 
conservan a 4 ºC en oscuridad hasta su análisis.  
Las mediciones en tiempo real de HAAs en el agua potable podrían 
proporcionar un gran beneficio para los Servicios Públicos del agua potable, 
quienes podrían obtener así información más precisa sobre la exposición para 
sus estudios. En este contexto el grupo de Emmert en la Universidad de 
Memphis ha propuesto el empleo de un analizador que discrimina entre los 
THMs volátiles y los HAAs no volátiles, el cual realiza el muestreo cada hora en 
el propio sistema de distribución.49,50 
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Respecto a la conservación de las muestras, la U.S. EPA propone añadir 
a los recipientes cloruro amónico cristalino o granular (100 mg/L en la muestra). 
Debe añadirse suficiente cloruro amónico para convertir el cloro libre en la 
matriz de la muestra a cloro combinado. En la mayoría de los casos la cantidad 
de cloruro amónico aconsejada por la U.S. EPA es suficiente, pero en muestras 
con altas dosis de cloro, puede ser necesaria una cantidad adicional. 
5.2. Extracción  
Habitualmente se efectúa primero la extracción y/o preconcentración de 
los compuestos de interés. Posteriormente, se lleva a cabo la separación 
directamente por electroforesis capilar (CE) o cromatografía de líquido (LC) o 
bien realiza una etapa previa de derivatización con objeto de obtener derivados 
que sean adecuados para su separación por cromatografía de gases (GC). Las 
técnicas analíticas más utilizadas para la preconcentración y/o extracción de 
HAAs han sido la extracción líquido-líquido y la extracción en fase sólida, así 
como sus variantes miniaturizadas (microextración en fase líquida y en fase 
sólida). A continuación, se describe de forma detallada el uso de cada una de 
estas técnicas. 
5.2.1. (Micro) extracción líquido-líquido  
La extracción líquido-líquido (LLE) es una conocida técnica que está 
basada en el equilibrio de distribución de los analitos entre dos fases líquidas 
inmiscibles puestas en contacto. Generalmente, una de esas fases es la muestra 
acuosa y la otra un disolvente orgánico adecuado para llevar a cabo la 
extracción de los analitos. En la LLE las fuerzas puestas en juego en el proceso 
de separación son fundamentalmente del tipo físico, esto es, procesos de 
distribución a los que se les pueden aplicar las distintas constantes 
termodinámicas. La composición de las fases desempeña un papel decisivo para 
conseguir que el proceso extractivo sea satisfactorio.51  
La LLE ha sido la técnica más ampliamente utilizada para llevar a cabo 
la extracción de los HAAs empleando en la mayoría de los casos metil tert-butil 
éter (MTBE) como extractante.52-54 Además es la técnica empleada por los 
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métodos oficiales 552.2,47  552.355 y el Método Estándar 625148 propuestos por la 
U.S. EPA para la extracción y preconcentración de HAAs. En estos métodos se 
lleva a cabo una extracción de los analitos en MTBE (3–4 mL) y una posterior 
derivatización en el extracto orgánico a sus ésteres metílicos utilizando metanol 
(Métodos U.S. EPA 552.2 y 552.3) o diazometano (Método Estándar 6251) como 
reactivos derivatizantes.  
No obstante, la LLE convencional tiene una serie de inconvenientes, 
como el empleo de grandes volúmenes de disolventes orgánicos y su difícil 
automatización. Por ello estas metodologías están siendo desbancadas por las 
técnicas de microextracción. 
Una tendencia reciente en la Química Analítica es el desarrollo de 
técnicas que persiguen la miniaturización de los procedimientos tradicionales 
de LLE. El objetivo principal es la puesta a punto de métodos rápidos y 
efectivos, que reduzcan considerablemente el coste de la etapa de preparación 
de muestra, no sólo desde el punto de vista económico sino también 
medioambiental. Surgen así las técnicas de microextracción en fase líquida 
(LPME), que además de minimizar el consumo de disolventes peligrosos 
permiten obtener factores de preconcentración más altos que la LLE 
convencional.56 Los disolventes empleados en LPME deben tener baja 
solubilidad en agua, alto punto de ebullición y baja presión de vapor para evitar 
su pérdida durante la extracción.57 El disolvente más empleado para llevar a 
cabo la determinación de HAAs con estas técnicas ha sido el 1-octanol (punto de 
ebullición, ~200 ºC, y presión de vapor, 0.14 mm Hg). 
El empleo de estas técnicas permite llevar a cabo la derivatización y la 
extracción de los HAAs de manera simultánea antes de su inyección en el 
cromatógrafo de gases, lo que simplifica el procedimiento analítico de manera 
notable. No obstante, combinar la reacción de derivatización con la técnica de 
LPME es a veces complicado. Las modalidades de LPME que se han empleado 
para la preconcentración y/o extracción de los HAAs se describen de forma 
detallada a continuación: 
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i) Microextracción en una gota de disolvente 
La técnica de microextracción en gota (SDME) fue la primera de las 
modalidades de LPME que se desarrollaron. En esta modalidad, una pequeña 
gota de disolvente orgánico inmiscible con el agua, se suspende en el extremo 
de la aguja de una microjeringa convencional.57 Esta gota se expone al espacio 
de cabeza situado sobre la muestra o sumergida en ella. Los analitos migrarán 
desde la muestra hasta la gota de extractante en función de su afinidad por él. 
Tras la extracción, la gota de extractante se retracta en la jeringa y se inyecta en 
el cromatógrafo de gases.  
Saraji y Bidgoli han desarrollado un método de especial interés para la 
determinación de 6 HAAs en aguas empleando SDME en el que 1-octanol se 
empleó como extractante y como reactivo derivatizante al mismo tiempo.58 Los 
HAAs se derivatizaron simultáneamente durante la extracción en la gota de 
disolvente (1.8 µL de 1-octanol). La reacción finaliza después de la extracción, en 
un microvial a 100 ºC durante 20 min. 
ii) Microextracción en fase líquida usando fibras huecas 
La limitada estabilidad de la gota, utilizada como fase aceptora en 
SDME, llevó al desarrollo de otras metodologías más robustas, en las que esta 
fase se encuentra protegida en el interior de una membrana. Varios estudios han 
popularizado el uso de membranas en forma de fibra hueca para estabilizar el 
extractante en SDME.59,60 Estas fibras huecas son membranas porosas 
normalmente de polipropileno. Nació así la modalidad denominada 
microextracción en fase líquida usando fibras huecas (HF–LMPE). En este caso 
el disolvente orgánico se sitúa en los poros y/o el interior de esta fibra hueca. 
Los analitos migrarán hacia la fase aceptora a través de la membrana, que le 
confiere al pequeño volumen de disolvente orgánico una mayor estabilidad que 
en el caso de SDME.  
A pesar de las ventajas de esta modalidad, sólo se ha desarrollado un 
método para la determinación de los HAAs empleando HF–LPME en la 
modalidad de espacio de cabeza con 1-octanol como extractante.61 En este 
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método se utiliza la modalidad de HF–LPME en la configuración en U que 
permite albergar dentro de la fibra un volumen de 20 µL  de extractante. La 
derivatización de los analitos se lleva a cabo con metanol en medio ácido 
directamente en la muestra acuosa y de manera simultánea con la extracción a 
55 ºC durante 1 h. Sin embargo este método permite sólo la determinación de 6 
HAAs porque los otros 3 solapan con la banda de disolvente en el cromatógrafo 
de gases. 
iii) Membranas líquidas soportadas 
Jönsson y Mathiasson comenzaron en 1992 a evaluar la aplicabilidad de 
membranas porosas como interfase entre la solución aceptora y la muestra con 
una modalidad que se denominó membranas líquidas soportadas (SLME).62 La 
membrana se sitúa entre dos bloques de material inerte. Sobre cada uno de estos 
bloques se hace circular la fase aceptora y la muestra, siendo la superficie de 
contacto entre ambas la membrana impregnada con un disolvente orgánico. Los 
analitos migran a través de la membrana desde la muestra a la fase aceptora 
(ambas de naturaleza acuosa). La reextracción en una fase acuosa se debe a que 
la inyección se realiza en un cromatógrafo de líquidos. Las dos etapas de 
extracción y reextracción en esta técnica consiguen eliminar un mayor número 
de interferencias, obteniendo así una mejora de la selectividad. 
Mitra y col. han desarrollado un método para llevar a cabo la extracción 
de los 9 ácidos acéticos clorados y bromados empleando un dispositivo de 
SLME y posterior determinación por LC.63-65 En este caso se empleó dihexil éter 
como disolvente de membrana y una disolución Tris buffer en su forma iónica 
(pH 10) como fase aceptora para llevar a cabo la reextracción. En el primer 
método desarrollado por este grupo de investigación se emplea un dispositivo 
casero. La membrana líquida se colocó en un vaso que contenía la muestra de 
agua (fase dadora) y dos jeringas se usan para mantener la membrana en su 
lugar. Una de ellas se usó para inyectar la fase aceptora dentro de la membrana 
mientras que la otra se usó para aspirarla después de llevar a cabo la 
reextracción.63 Una mejora de este dispositivo implica el uso de dos 
microbombas de jeringa. La primera bomba se usó para suministrar la muestra 
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al módulo, mientras que la otra suministra la disolución aceptora.64 En una 
tercera mejora, el dispositivo se acopló on-line al cromatógrafo de líquidos para 
llevar a cabo la inyección de la muestra de manera auntomática.65 
5.2.2. (Micro) extracción en fase sólida 
La extracción en fase sólida (SPE) es una excelente alternativa a la LLE 
ya que se consiguen mayores factores de preconcentración y se requiere un 
menor consumo de disolvente orgánico. El fundamento de la SPE se basa en la 
diferente afinidad que presenta el analito (o la matriz) por una fase sólida. De 
manera que al hacer pasar la muestra a través de una fase sólida (polar, apolar, 
etc.), algunos compuestos quedan retenidos en ella mientras que otros pasan sin 
retenerse. Posteriormente, si los analitos de interés han quedado retenidos, éstos 
podrán ser eluidos con una pequeña cantidad de disolvente.66  
La extracción de HAAs de la muestra de agua por SPE es difícil a causa 
de su carácter altamente ácido y su alta solubilidad en agua. Sin embargo las 
características de esta técnica la han hecho muy adecuada para la eliminación de 
interferencias de la matriz de la muestra como etapa de clean-up, y para llevar a 
cabo la preconcentración de los HAAs antes de su determinación por 
cormatografía iónica y electroforesis capilar. La SPE de los HAAs se puede 
hacer en su forma no disociada o como anión dependiendo del pH de la 
muestra. La elección del sorbente es clave, ya que puede influir en la 
selectividad, afinidad y rendimiento del proceso. 
La extracción y preconcentración de los HAAs en muestras polares como 
el agua se ha llevado a cabo fundamentalmente por un mecanismo en fase 
reversa, empleando en la mayoría de los casos copolímeros de poliestireno-
divinilbenceno como sorberte polimérico .67-71 En este caso se lleva a cabo el 
ajuste del pH de la muestra a 0.5 para asegurar la extracción de los HAAs en su 
forma no disociada. Este sorbente proporciona porcentajes de recuperación 
superiores al 90%. Los HAAs son especies aniónicas al pH normal del agua, lo 
que significa que se puede usar un sorbente de cambio aniónico fuerte para 
preconcentrar estos compuestos. En este caso, se han obtenido porcentajes de 
recuperación en torno al 40% empleando cartuchos con grupos de amonio 
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cuaternario.71 El empleo de resinas poliméricas con propiedades mixtas de 
cambio iónico débil y fase reversa ha proporcionado buenos resultados con 
porcentajes de recuperación entre el 64 y el 93%.72 Se han empleado también 
otros sorbentes como carbono grafitizado, que debido a la presencia de grupos 
químicos cargados en superficie, pueden actuar como sorbentes en fase reversa 
y como cambiadores aniónicos.70 En este caso se obtuvieron porcentajes de 
recuperación de tan sólo el 29%, debido a la elución incompleta de los analitos, 
ya que puede dar lugar a adsorciones irreversibles. 
La extracción en fase sólida también está contemplada por la U.S. EPA 
como método oficial de determinación de HAAs en muestras de agua.46 En este 
método se emplean tanto discos como cartuchos con una resina de cambio 
aniónico AG–1–X8. En este caso puede observarse una reducción en el 
porcentaje de recuperación de los analitos en matrices con elevada fuerza iónica, 
en particular aguas que contienen elevadas concentraciones de sulfato. 
Por otra parte la SPE tiene varias desventajas para la extracción y 
preconcentración de HAAs. En primer lugar la SPE se puede considerar una 
técnica semiselectiva, la matriz de la muestra puede afectar a las recuperaciones 
en alguna extensión, dado que sus componentes tendrán algún grado de 
afinidad por la fase estacionaria usada. En segundo lugar, existen problemas de 
recuperaciones debido a que cuanto mayor sea la afinidad de los analitos por la 
fase estacionaria, más difícil será obtener recuperaciones cuantitativas. Además 
de todo lo mencionado, existen los problemas físicos relacionados con la técnica 
de SPE como contaminación, obstrucción de los cartuchos, canalizaciones y 
disolución.73 
La técnica de microextracción en fase sólida (SPME), desarrollada en 
1989 por J. Pawliszyn,74 apareció con el objeto de eliminar o reducir los 
inconvenientes asociados a la SPE. La geometría cilíndrica de la fibra y de la fase 
estacionaria permite una rápida transferencia de masa de analito entre la 
muestra y el material sorbente durante la extracción y la desorción, y facilita su 
manejo e introducción en el inyector del cromatógrafo. Además previene las 
obstrucciones que se pueden producir en la SPE y reduce o elimina el consumo 
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de disolventes orgánicos. Sus limitaciones están relacionadas principalmente 
con el coste de las fibras y con la baja reproducibilidad entre éstas. El dispositivo 
empleado consiste en una fibra de sílice fundida, químicamente inerte y estable 
a altas temperaturas, recubierta con un material sorbente. Las dimensiones y 
geometría de la fibra permite que pueda incorporarse en el interior de una aguja 
de acero inoxidable, cuya función principal es la de proteger el recubrimiento al 
atravesar los septa de los viales o del portal de inyección del cromatógrafo. Para 
llevar a cabo la extracción, la fibra se expone directamente a la muestra 
(modalidad directa) o al espacio de cabeza sobre ésta (modalidad indirecta) 
durante cierto tiempo, produciéndose el reparto de los analitos ente el 
recubrimiento de la fibra y la muestra. Al ser una técnica basada en el reparto de 
los analitos entre dos o más fases, no se puede lograr una extracción cuantitativa 
de las especies químicas a investigar a menos que se trabaje en unas condiciones 
muy drásticas. Una vez que la extracción ha tenido lugar, la fibra se retracta y se 
retira de la muestra. Finalmente, tiene lugar la desorción térmica de los analitos 
en el portal de inyección del cromatógrafo de gases o la elución con disolventes 
en el caso de la cromatografía líquida. 
A pesar del interés que está adquiriendo la SPME existen muy pocas 
aplicaciones para HAAs debido fundamentalmente a la dificultad de combinar 
esta técnica con la reacción de derivatización. La mayoría de las aplicaciones 
emplean fibras de polidimetilsiloxano (PDMS) de 100 µm de espesor en la 
modalidad de espacio de cabeza para llevar a cabo la extracción de los 
analitos.75-77 Sin embargo, un estudio llevado a cabo por el equipo de Galcerán, 
ha puesto de manifiesto que los recubrimientos poliméricos homogéneos 
(PDMS y poliacrilato) sólo extraen pequeñas cantidades de los ésteres metílicos 
de los ácidos acéticos trihalogenados. En cambio, los recubrimientos poliméricos 
heterogéneos (PDMS/divinilbenceno, carboxen/PDMS y divinilbenceno/ 
carboxen/PDMS) extraen más eficazmente los ésteres metílicos de los HAAs 
debido a la fuerte retención de los analitos en los poros. De todos estos 
recubrimientos, la fibra CAR/PDMS es la que proporciona una mayor eficacia 
en la extracción para todos los compuestos, especialmente para los 
monohalogenados.78 
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5.2.3. Espacio de cabeza 
Básicamente, se pueden distinguir dos modalidades de espacio de 
cabeza: espacio de cabeza dinámico y estático. 
La técnica de espacio de cabeza dinámico, conocida como purga y 
trampa (P&T), se basa en extraer los analitos purgando la muestra con una 
corriente de gas inerte. Los analitos son posteriormente retenidos en una trampa 
sorbente de la cual serán desorbidos térmicamente para su determinación. Los 
LODs obtenidos con esta modalidad son normalmente más de 10 veces 
inferiores a los alcanzados por la modalidad de espacio de cabeza estático, pero 
se requiere una compleja instrumentación y además son frecuentes las 
interferencias producidas por el vapor de agua. 
La técnica de espacio de cabeza estático (HS) es una técnica de extracción 
de compuestos volátiles basada en el calentamiento de la muestra (líquida o 
sólida) para que las especies pasen a la fase gaseosa. Si la presión de vapor de 
los compuestos es suficientemente alta, estos son fácilmente volatilizados y por 
tanto separados de la matriz. Se basan por tanto en el reparto de los analitos 
entre una muestra (líquida o sólida) y una fase gaseosa. Posteriormente, una 
alícuota de la fase gaseosa, en equilibrio termodinámico con la fase condensada, 
se introduce en el GC para su análisis.79 Los parámetros que afectan al reparto 
de analitos entre la fase acuosa y la gaseosa (temperatura y fuerza iónica), junto 
con los volúmenes de muestra y espacio de cabeza (relación de fases) tienen que 
ser controlados.80 
Inicialmente la introducción de la muestra se hacía tomando una 
cantidad conocida de la fase gaseosa con una jeringa, pero estos sistemas son 
muy poco reproducibles. Actualmente se hace automáticamente mediante el 
empleo de módulos automáticos con un sistema dosificador electroneumático, 
que ofrecen mejores resultados en términos de reproducibilidad. En estos 
módulos la muestra (sólida o líquida) tras un mínimo pretratamiento se 
introduce en un vial sellado. Estos sistemas tienen un brazo mecánico que 
introduce los viales en el interior de un horno en el que se calientan las muestras 
a la vez que se agitan para favorecer el paso de los analitos de la muestra a la 
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fase gaseosa. Una válvula de inyección de 6 vías se encuentra conectada a un 
bucle, en el cual se recoge la fracción gaseosa que será posteriormente 
arrastrada por una corriente de helio hasta el cromatógrafo de gases. Los 
automuestreadores modernos constan de 3 etapas fundamentales: equilibración, 
presurización y transferencia de la muestra.81 Con una apropiada optimización 
del sistema se pueden obtener resultados muy reproducibles. 
• La equilibración es la etapa más importante, siendo los factores 
predominantes la temperatura, el tiempo de equilibración y la agitación 
del vial. La temperatura de calentamiento del vial es uno de los aspectos 
más importantes, de manera que temperaturas de equilibración más 
altas favorecen la volatilización de las especies y permiten acortar el 
tiempo de equilibración. Pero hay que tener en cuenta los problemas 
relacionados con la degradación de las especies termolábiles. Además el 
aumento exponencial de la presión de vapor del agua de la matriz de la 
muestra con la temperatura, así como la de otros disolventes orgánicos 
presentes en la muestra, puede aumentar el riesgo de explosión del vial. 
Los disolventes orgánicos también puede competir con los analitos por 
el espacio de cabeza del vial y originar un descenso drástico de la 
sensibilidad. Una alternativa al aumento de la temperatura es la adición 
de sales a la muestra para incrementar la fuerza iónica y favorecer la 
volatilización de los analitos más solubles. Otro aspecto importante en 
este punto es la relación de fases, de manera que un volumen de muestra 
más grande genera un aumento de la señal analítica, en cambio hay que 
tener en cuenta los problemas relacionados con el aguja del 
automuestreador, que puede entrar en contacto con la muestra.  
• A continuación tiene lugar la presurización del vial con un gas inerte 
(helio) a través de la aguja, seguida de la liberación de la presión cuando 
el espacio de cabeza sale por la misma aguja hasta un bucle de muestra, 
conectado a una válvula de inyección de 6 vías. Una alta presión de 
presurización puede aumentar la sensibilidad porque aumenta la 
cantidad de muestra en el bucle, pero también puede romper el vial u 
ocasionar la dilución de los analitos en el espacio de cabeza. 
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• La última etapa es la transferencia de la muestra, en la que una corriente 
de He arrastra la muestra gaseosa desde el bucle hasta el portal de 
inyección del cromatógrafo de gases a través de la válvula de 6 vías. La 
cantidad de analito que entra en el GC es proporcional al tiempo de 
muestreo. 
La técnica HS permite llevar a cabo la derivatización de los HAAs in situ 
en la muestra acuosa de manera simultánea con la extracción. Además no 
necesita etapas previas de preconcentración de los analitos. Estas ventajas 
permiten acortar el tiempo del análisis y simplificar el procedimiento analítico y 
por ello se plantea como una técnica prometedora. 
A pesar del interés de esta técnica sólo existen dos aplicaciones para la 
determinación de HAAs empleando inyección manual. El primero de los 
trabajos lleva a cabo la derivatización de los 3 ácidos acéticos clorados (MCAA, 
DCAA y TCAA) con dimetilsulfato (DMS) e hidrogeno sulfato de 
tetrabutilamonio (TBA–HSO4) in situ en la muestra acuosa.82 El segundo método 
lleva a cabo la derivatización de DCAA y TCAA con metanol y ácido sulfúrico 
directamente en medio acuoso durante 1 h a 90 ºC.83 En estas condiciones el 
metanol se volatiliza y compite con los analitos por el espacio de cabeza del vial, 
por lo que proporciona una eficacia del proceso muy baja. Estos métodos son 
muy simples, ya que permiten realizar la derivatización y la extracción de los 
HAAs simultáneamente, no obstante, las condiciones tan drásticas (90 ºC, 1 h) 
requeridas para la derivatización provocan una degradación parcial de los 
HAAs, sobretodo del TCAA a cloroformo, además de la  evaporación parcial del 
agua que ocurre por encima de 80 ºC y que afecta a la columna cromatográfica. 
Además estos métodos, que sólo abarcan el estudio de los ácidos acéticos 
clorados, proporcionan baja precisión asociada a la inyección manual y LODs 
demasiado altos para su aplicación a muestras reales de grifo (0.5–10 µg/L). 
5.3. Derivatización 
La derivatización es un proceso químico por el cual se modifican los 
analitos mediante una reacción química para mejorar su detección, su 
separación cromatográfica o incrementar la sensibilidad. Un buen derivatizante 
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debe ser altamente reactivo e idealmente debe dar sólo un producto de 
suficiente volatilidad. 
Los HAAs no pueden ser directamente inyectados en la columna del 
cromatógrafo de gases debido a su naturaleza polar y ácida que impide su 
volatilización directa. Aunque se pueden usar fases estacionarias polares para 
mejorar la separación, las temperaturas máximas a las que se puede operar con 
ellas impiden su uso con ácidos con altos puntos de ebullición. 
Aunque hay una gran variedad de reactivos derivatizantes disponibles 
para compuestos ácidos, la metilación ha sido la reacción que ha dominado en 
la determinación de HAAs. Después de la extracción de los HAAs generalmente 
por LLE, la metilación en medio orgánico se ha llevado a cabo con diferentes 
reactivos como diazometano,48 mezclas metanol-ácido47,55,61,77,83 o BF3 en 
metanol.54 Entre estos, la esterificación de Fisher (metanol-ácido sulfúrico), 
recomendada por los métodos U.S. EPA, es la reacción más comúnmente 
utilizada para llevar a cabo la derivatización de los HAAs. El método U.S. EPA 
55284 se desarrolló específicamente para la determinación de los 5 HAAs 
regulados en agua y empleaba diazometano como reactivo derivatizante. 
Debido a la toxicidad del diazometano, la U.S. EPA ha preferido desarrollar 
otros métodos basados en una LLE de los HAAs con MTBE y posterior 
derivatización en el extracto orgánico usando mezclas de metanol y ácido 
sulfúrico. Algunos autores han encontrado que el diazometano y el metanol 
proporcionan una metilación incompleta de los HAAs (especialmente de los 
trihalogenados).85,86 No obstante el rendimiento de la esterificación puede 
incrementarse aumentando la cantidad de metanol y la temperatura de la 
reacción. Ésta última puede incrementarse empleando como medio de reacción 
un disolvente con un punto de ebullición más alto que el MTBE.85 En este 
sentido el método U.S. EPA 552.3 propone la extracción de HAAs con metil ter-
amil éter y la derivatización en el medio orgánico con metanol en medio ácido a 
60 ºC. 
La esterificación de los HAAs en medio orgánico exige un mayor 
número de etapas que cuando se realiza en medio acuoso y un tiempo de 
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reacción muy largo (1–2 h), lo que alarga y complica el procedimiento de 
análisis. Con vistas a reducir el tiempo de análisis y simplificar el procedimiento 
analítico se han realizado esfuerzos para llevar a cabo la derivatización de 
HAAs directamente en la muestra acuosa. En este sentido, la derivatización se 
ha realizado in situ en la muestra acuosa con dimetilsulfato como reactivo 
derivatizante, y un agente de pares iónicos como catalizador de la reacción, (35–
45 min, 55–85 ºC). 78,82 La derivatización con metanol en medio ácido también se 
ha ensayado directamente en la muestra acuosa a 55 ºC durante 60 min,61,83 pero 
se han obtenido LODs demasiado altos. Más Recientemente se ha desarrollado 
un método empleando SDME en el que una gota de 1-octanol se emplea como 
extractante y como reactivo derivatizante al mismo tiempo. En este método la 
derivatización empieza durante la extracción, en la gota de disolvente de 1-
octanol en presencia de anhídrido trifluoroacético como catalizador y continua, 
después de la extracción, en un microvial a 100 ºC durante 20 min.58 No obstante 
los espectros de masas de los n-octil derivados de los HAAs son más complejos 
que en el caso de los ésteres metílicos. Los iones moleculares de los n-octil 
derivados no se observaron en el espectro de masas dado que todos los 
derivados presentan picos  [M–157]+ que resultan de la pérdida del radical octil 
éster y los picos más intensos se corresponden con la fragmentación de la 
cadena octilo, lo que hace difícil la identificación de los derivados. 
La derivatización de los HAAs a sus ésteres etílicos también se ha 
llevado a cabo después de la evaporación a sequedad de la muestra empleando 
mezclas etanol-ácido.77 
Los HAAs rara vez se derivatizan antes de su determinación por LC, ya 
que normalmente se emplean detectores de UV o conductividad iónica. Sin 
embargo, un instrumento automatizado construido en el propio laboratorio 
para el monitoreo en línea, en tiempo real de los 9 ácidos acéticos clorados y 
bromados en el agua potable utiliza la cromatografía iónica, seguida de 
derivatización post-columna automática con nicotinamida en un medio alcalino 
y detección por fluorescencia.49,50 El método es lo suficientemente sensible como 
para medir las concentraciones de estos compuestos en sistemas de distribución 
de agua potable clorada y cloraminada. 
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5.4. Técnicas cromatográficas y electroforéticas 
5.4.1. Electroforesis capilar 
La electroforesis capilar (CE) está cobrando una creciente popularidad en 
los últimos años como una de las técnicas instrumentales de separación más 
potentes. Entre sus interesantes características destacan su alta eficacia y 
elevada velocidad de separación. De todas las modalidades existentes, la 
electroforesis capilar de zona ha sido la empleada para llevar a cabo la 
determinación de HAAs. La CE presenta la ventaja de que no requiere 
derivatización de los HAAs, lo que acorta el procedimiento analítico y además, 
la separación se lleva a cabo en un tiempo muy corto (4–8 min),71,87 frente a los 
métodos de cromatografía de gases que necesitan 30 min. No obstante, las 
pequeñas dimensiones de los capilares utilizados limitan el volumen de muestra 
a introducir y el paso óptico de la ventana de detección, y con ello la 
sensibilidad. Por lo tanto los límites de detección proporcionados por CE para la 
determinación de HAAs (0.4–0.7 mg/L) no se adecuan a los niveles en el agua 
tratada.69,71, Otra desventaja de estos métodos es la gran influencia que tienen las 
interferencias de la matriz provocadas por algunos iones que están presentes a 
concentraciones elevadas (iones cloruro, sulfato, nitrato, y fluoruro).69,72,88,89 Las 
investigaciones llevadas a cabo ponen de manifiesto la necesidad de introducir 
etapas previas, tales como SPE, para llevar a cabo una etapa de clean-up de la 
matriz de la muestra y una preconcentración de HAAs para incrementar la 
sensibilidad a niveles de µg/L.71,87,89 
Las tendencias actuales van encaminadas a realizar la preconcentración 
on-line empleando modalidades de inyección alternativas a la inyección 
hidrodinámica convencional que permite incrementar la cantidad de muestra 
inyectada. El empleo de la inyección electrocinética como técnica de 
preconcentración on-line ha permitido determinar los 5 HAAs regulados a 
niveles de µg/L. No obstante la inyección electrocinética es menos reproducible 
que la hidrodinámica convencional debido a que se ve afectada por la 
conductividad de la muestra. Aunque estos efectos de la matriz se pueden 
reducir mediante un clean-up con cartuchos de SPE.69 
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Las técnicas de pre-concentración online permiten inyectar grandes 
volúmenes con el consiguiente incremento de la sensibilidad, siendo las técnicas 
de stacking las más utilizadas en este contexto. Así, mediante la técnica 
denominada large-volume sample stacking (LVSS) se pueden inyectar cantidades 
de muestra de hasta un 20% del volumen del capilar frente a la inyección 
hidrodinámica convencional que permite tan sólo un 0.4%. Esta modalidad de 
inyección en combinación con una LLE con MTBE y una reextracción de los 
analitos con una disolución básica, supuso un aumento de la sensibilidad de 97–
120 veces con respecto a la inyección hidrodinámica (0.027–0.053 µg/L).90 En 
otra aportación se ha demostrado las mejores características analíticas que 
presenta otra modalidad de stacking tal como field-amplified sample stacking 
(FASI) frente  a la LVSS en la determinación de 9 HAAs por CE en agua de 
grifo.72 LVSS proporciona LODs 25 veces más bajos (49.1–200 μg/L) que la CE 
sin preconcentración on-line, mientas que FASI permite obtener LODs hasta 310 
veces menores (4.2–48 μg/L). Sin embargo, es necesaria una etapa de clean-up y 
preconcentración mediante SPE para obtener una mejora de la sensibilidad 
(LODs, 0.05–0.8 μg/L). Como alternativa a estas modalidades de 
preconcentración online, la técnica pressure-assisted electrokinetic injection 
(PAEKI) proporciona factores de preconcentración para HAAs entre 3500 y 
20000 respecto a la CE sin preconcentración on-line.88 El método desarrollado 
para la determinación de 10 HAAs por PAEKI–CE–MS/MS proporciona LODs 
comprendidos entre 0.013 y 0.12 µg/L sin necesidad de etapas adicionales de 
preconcentración. 
Cabe destacar el método desarrollado por Ding y Rogers para la 
determinación de los 3 ácidos acéticos clorados (MCAA, DCAA y TCAA) 
utilizando electroforesis capilar en microchip y un detector CCD (contactless 
conductivity detector).91 Este sistema es simple, rápido (~3 min), reproducible 
(RSD, ~2%) y permite realizar medidas de campo. Sin embargo, el método 
requiere una etapa de preconcentración y clean-up que alarga el procedimiento 
analítico y además proporciona LODs (38–62 µg/L) aproximadamente un orden 
de magnitud mayor que los proporcionados por los sistemas de CE 
convencionales equipados con CCD. El detector más utilizado para la 
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determinación de HAAs mediante CE ha sido el de UV-visible.69,71,89,90,92 
También se ha utilizado el detector de diodos en fila72 y el de conductividad 
iónica.87,91 En los últimos años, la espectrometría de masas ha ido cobrando una 
importancia cada vez mayor como método de detección en CE, dado que aporta 
una adecuada sensibilidad y alta selectividad, así como información estructural 
de los compuestos.88 
5.4.2. Cromatografía de líquidos 
La determinación de HAAs en agua por cromatografía de líquidos se 
lleva a cabo normalmente por cromatografía iónica (IC)67,70,93,94 en base a la 
naturaleza iónica de estos compuestos, seguida de cromatografía en fase reversa 
teniendo en cuenta la naturaleza acuosa de la matriz.63-65,95 La separación de 
HAAs por cromatografía de líquidos en fase reversa se ha llevado a cabo 
fundamentalmente empleando columnas que contienen fases estacionarias C18 
y C8.63,64,96 Los métodos desarrollados empleando cromatografía de líquidos de 
ultra alta resolución (UPLC) utilizan columnas híbridas de C8 con puentes de 
etileno (BEH C8) que son estables a pH muy acidos.97 Un estudio reciente para 
la determinación de HAAs empleando UPLC demuestra que las columnas HSS 
C18 (High Strengt silica) retiene mejor los HAAs que la BEH C18 debido al 
procedimiento de endcapping que proporciona una retención excepcional de los 
analitos y mejores resultados en fases móviles con bajos valores de pH.98 
Los detectores más empleados para la determinación de HAAs en agua 
mediante esta técnica son los mismos que los empleados en CE. También se ha 
empleado detección fluorimétrica para la determinación de los 9 HAAs en agua 
de grifo después de llevar a cabo una derivatización con nicotinamida.50 La 
cromatografía iónica con un detector de conductividad es una técnica muy útil 
para la determinación de analitos iónicos como HAAs. Sin embargo, el análisis 
de agua tratada con alta concentración de iones (fluoruro, nitrato, cloruro y 
sulfato), hace necesario el uso de una etapa de clean-up y preconcentración de la 
muestra como la SPE.67,68,70 Por este motivo, se han buscado alternativas como la 
cromatografía iónica con sistemas de supresión de la conductividad.93 Más 
recientemente la espectrometría de masas con ionización por electroespray (ESI–
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MS) y la espectrometría de masas con plasma de acoplamiento inductivo (ICP–
MS) se han aplicado con éxito a la determinación de HAAs tras la separación 
por IC. La simplicidad de la IC para la separación de los HAAs (no requiere 
derivatización) combinada con la selectividad y sensibilidad de la técnica de 
detección ESI–MS hace el acoplamiento IC–ESI–MS un enfoque ideal para la 
determinación de trazas de HAAs en agua de grifo. Estos métodos permiten 
alcanzar límites detección muy bajos (0.06–0.16 μg/L) sin necesidad de incluir 
una etapa previa de preconcentración de la muestra.68,97-100 El coste de la 
instrumentación y la falta de disponibilidad en la mayoría de los laboratorios 
suponen dos claras desventajas. La técnica de ICP–MS combina dos 
propiedades analíticas que la convierten en un potente instrumento en el campo 
del análisis de trazas. Por una parte obtiene una matriz libre de interferencias 
debido a la eficiencia de ionización del plasma de Ar y por otra parte presenta 
una alta relación señal-ruido característica en las técnicas de espectrometría de 
masas. Por lo tanto el acoplamiento IC–ICP–MS se ha empleado en la 
determinación de HAAs como una técnica altamente sensible y selectiva.94,101 
Esta técnica permite determinar los ácidos acéticos bromados a niveles de μg/L 
y los iodados a ng/L. Sin embargo, la técnica ICP–MS es poco sensible para las 
especies cloradas, que son las más frecuentemente encontradas en el agua 
tratada.94 
5.4.3. Cromatografía de gases 
La cromatografía de gases es la técnica más utilizada para la 
determinación de HAAs por su simplicidad, elevado poder de resolución, 
reducción del tiempo de análisis y sencillez. La instrumentación también es 
mucho más sencilla y económica que la empleada en otras técnicas. Además se 
acopla fácilmente a una gran variedad de detectores sensibles y selectivos. Las 
columnas capilares de 5%–fenil–95%–polidimetilsiloxano han sido las más 
utilizadas para llevar a cabo la separación de HAAs por esta técnica. 
Un estudio sobre el efecto de varios parámetros de la cromatografía de 
gases ha mostrado que existe una degradación parcial de los ésteres metílicos de 
los HAAs a sus respectivos THMs en el portal de inyección a altas temperaturas 
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(170–250 ºC).102 Se ha observado que este efecto es más acusado para los ésteres 
metílicos de los ácidos trihaloacéticos bromados, especialmente para el 
tribromoacetato. El proceso de descomposición térmica incluye debrominación 
y descarboxilación, lo que resulta en la formación de dos compuestos. También 
se ha demostrado que el contenido de trazas de agua en el extracto puede 
acelerar este proceso de hidrólisis en el portal de inyección. Sin embargo 
estudios posteriores realizados en nuestro grupo de investigación han 
demostrado que esto no es cierto y han aplicado la GC a la determinación de 
HAAs sin observar ninguna degradación. 
Las técnicas de pretratamiento de la muestra previas a la determinación 
de HAAs por GC son de gran importancia, ya que mejoran su comportamiento 
cromatográfico, aumentan la detectabilidad cuando están presentes a 
concentraciones muy bajas y por último permite separar los analitos de la 
matriz de muestra, minimizando las interferencias. Las técnicas de separación 
empleadas en la determinación de HAAs por GC han sido LLE,46,47,52,53,84,85,103 
HS,82,83 SPE,104,105 SPME75,77,78 y LPME.58,61 Las primeras aplicaciones a muestras 
reales (aguas de grifo y piscina) se basan en el empleo de las técnicas 
miniaturizadas SPME (LODs, 0.01–0.45 µg/L)78 y HF–LPME (LODs, 0.1–18 
µg/L).61 La naturaleza polar y ácida de estos compuestos impide su 
volatilización directa por lo que deben ser derivatizados a otros menos polares 
antes de su determinación por GC. La discusión sobre las diferentes alternativas 
de derivatización se ha abordado en la sección 5.3. Estas etapas previas se 
consideran un inconveniente de estos métodos, puesto que aumentan el tiempo 
del análisis, añaden coste y suponen más riesgos por la toxicidad de los 
reactivos.  
Los detectores empleados en GC para la determinación de HAAs han 
sido el detector de captura de electrones (ECD) por el alto contenido de 
halógenos en la molécula46,47,52,61,75,76,83,85,105 y  la espectrometría de masas 
(MS).58,77,78,82,104 La espectrometría de masas se ha convertido en el detector 
dominante para el desarrollo de nuevos métodos analíticos para HAAs ya que 
además de la determinación cuantitativa de los analitos, permite la 
identificación inequívoca de los mismos. Además un estudio ha revelado que el 
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acoplamiento GC–MS presenta ventajas con respecto al GC–ECD: mayor 
sensibilidad para el MCAA, menos picos interferentes y líneas de base más 
claras, y un tiempo de separación más corto sin compromiso de la resolución.53 
La espectrometría de masas de baja resolución (un solo cuadrupolo) que opera 
en el modo de monitorización selectiva de iones (SIM) es la técnica más 
comúnmente empleada para la detección de HAAs debido a su coste 
relativamente bajo y a su sencillez,58,82,105 sin embargo son un tanto limitados 
para el análisis de matrices complejas. El espectrómetro de masas de trampa de 
iones ha proporcionado una mejora de la sensibilidad y la selectividad.77,78  
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 El desarrollo de la presente Memoria ha sido posible gracias al empleo 
de diversas herramientas analíticas, considerando como tales todos los 
elementos utilizados en la misma, desde los patrones, los reactivos y las 
diferentes disoluciones empleadas, hasta la instrumentación más sofisticada. En 
los siguientes apartados de este Capítulo se enumeran dichas herramientas 
junto con sus características más relevantes. 
1. Estándares, disolventes y reactivos 
 Todos los reactivos y disolventes empleados fueron de calidad analítica. 
En este apartado se incluyen todos aquellos analitos (estándares), reactivos y 
disolventes empleados en la realización de esta Memoria. 
1.1. Estándares de ácidos haloacéticos 
 Los ácidos, monocloroacético, monobromoacético, dicloroacético, 
tricloroacético, bromocloroacético, dibromoacético, bromodicloroacético, 
clorodibromoacético y tribromoacético, así como sus respectivos ésteres 
metílicos y el ácido monoyodoacético, fueron suministrados por Sigma-Aldrich 
(Madrid, España). Los ácidos cloroyodoacético, bromoyodoacético y 
diyodoacético fueron proporcionados por CanSyn (Toronto, Canadá).  
Además, a lo largo de la Memoria se ha utilizado 1,2-dibromopropano 
(Sigma-Aldrich) como estándar interno para corregir el posible error cometido 
en la manipulación de la muestra o en la inyección en el GC-MS y ácido 2,3-
dibromopropionico (Sigma-Aldrich) como surrogate para monitorear el buen 
funcionamiento del método. Las razones por las cuales se han seleccionado 
estos compuestos han sido su similitud con los analitos estudiados y su ausencia 
en la matriz de la muestra.  
Para su correcta conservación, todos los estándares se mantuvieron en 
un lugar oscuro y seco a la temperatura que recomienda el fabricante. Las 
disoluciones estándar individuales de 1 g/L de los estándares anteriormente 
mencionados se prepararon en MTBE. Las disoluciones comunes de los 
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estándares se prepararon por dilución de las anteriores en MTBE. Asimismo, las 
disoluciones de trabajo se prepararon diariamente mediante dilución de las 
anteriores en agua destilada mineral (libre de DBPs). Para su correcta 
conservación, todas las disoluciones estándares de 0.1 y 1 g/L se almacenaron 
en frascos de vidrio ámbar a -20 ºC. 
1.2. Disolventes 
Se han empleado distintos disolventes durante el desarrollo de las 
investigaciones para la preparación de las disoluciones estándares (analitos, 
estándar interno y surrogate) y como extractantes. Los disolventes empleados 
durante la realización de la Memoria fueron los siguientes: 
• Metyl tert-butil éter. 
• n-Pentano. 
• n-Hexano. 
• Acetato de etilo. 
• Acetato de metilo. 
• Metanol. 
• 1-Butanol. 
• 1-Hexanol. 
• 1-Octanol. 
• Decano. 
1.3. Reactivos 
• Reactivos derivatizantes: En esta Memoria se ha llevado a cabo la 
derivatización de los ácidos haloacéticos (HAAs) fundamentalmente con 
dimetilsulfato (Sigma-Aldrich) y el agente de pares iónicos, 
tetrabutilamonio hidrógeno sulfato (Fluka). También se ha llevado a 
cabo la derivatización con metanol y ácido sulfúrico tanto en medio 
orgánico (método U.S. EPA 552.2) como en medio acuoso. 
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• Ácidos y bases. En algunas ocasiones ha sido necesario el ajuste del pH 
de las muestras para favorecer los procesos de extracción y las reacciones 
llevadas a cabo. Para ello se han utilizado fundamentalmente ácido 
sulfúrico e hidróxido sódico. 
• Sales. Se emplearon fundamentalmente para favorecer los procesos de 
extracción. Sulfato sódico ha sido la sal empleada en todos los casos. Esta 
sal también se ha empleado como desecante para los extractos orgánicos 
antes de su inyección en el GC-MS. Se ha empleado sulfato amónico 
como agente declorante para eliminar el cloro residual y para evitar la 
formación de HAAs durante el transporte, conservación y manipulación 
de las muestras de agua tratada. También se han estudiado otras sales 
como cloruro potásico, cloruro sódico y sulfato de magnesio. Todas las 
sales se obtuvieron de Panreac (Barcelona). 
2. Componentes para las técnicas de microextracción 
 Los experimentos de SPME se han realizado empleando un soporte de 
fibras SPME manual o holder así como distintas fibras comercializados por 
Supelco (Madrid, España): 
• Polidimetilsiloxano (PDMS) de 100 µm. 
• Poliacrilato (PA) de 85 μm.  
• Carboxen/Polidimetilsiloxano (CAR/PDMS) de 75 μm. 
• Carbowax/Resina molde (CW/TPR) de 50 μm. 
Los experimentos de HF-LPME y SBME se llevaron a cabo con una 
membrana microporosa hidrofóbica de polipropileno Accurel (Q3/2) 
suministrada por Membrana (Wuppertal, Alemania). El diámetro interno de la 
membrana fue de 600 µm, el espesor de la pared de 200 µm y el tamaño medio 
de poro de 0.2 µm (70% de porosidad). La membrana de fibra hueca se cortó 
manualmente en el laboratorio en segmentos de la longitud requerida para el 
experimento y se acondicionó en el disolvente adecuado. 
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3. Material de laboratorio 
• Microjeringas de 5 y de 100 µL, esta última con punta biselada. 
• Material de vidrio de diferente volumen como matraces aforados, vasos 
de precipitado y botes de vidrio ámbar. 
• Viales de vidrio de diferente capacidad entre 5 y 20 mL (según la 
aplicación desarrollada) con fondo plano para la preparación de las 
muestras. El cierre de dichos viales se realizó mediante septa de 
silicona/PTFE (Supelco, Madrid) sellados o a rosca dependiendo del tipo 
de vial empleado. 
• Micropipetas. 
• Botes de polietileno de 100 mL para la toma de las muestras de orina. 
4. Instrumentación 
La cromatografía de gases-espectrometría de masas (GC-MS) ha sido la 
técnica empleada para la separación/determinación de los HAAs a lo largo de 
toda la Memoria de la Tesis Doctoral. Se han empleado tres instrumentos 
distintos: 
• Los experimentos llevados a cabo por espacio de cabeza estático 
(Capítulos 3 y 5) se han realizado empleando un automuestreador  de 
espacio de cabeza HP 7694 acoplado a un cromatógrafo de gases HP 
6890N y un espectrómetro de masas HP 5973N de la firma Agilent 
Technologies (Palo Alto, CA, USA). La inyección de la muestra se ha 
realizado siempre a través de una línea de transferencia inerte de 
silicosteel que conecta el automuestreador de espacio de cabeza con el 
inyector del cromatógrafo de gases. 
• La inyección de los extractos en los métodos de LPME (Capítulo 4) y U.S. 
EPA 552.2 (Capítulo 3), así como la desorción de los analitos de la fibra 
en el método de SPME (Capítulo 4) se ha llevado a cabo empleando un 
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cromatógrafo de gases modelo Fisons GC 8000 top acoplado a un 
espectrómetro de masas MD 800 Voyager de Thermo (Madrid). La 
inyección se realizó en modo split, empleando un relación de de flujo de 
1:20 en todos los casos. 
• La inyección de grandes volúmenes en el método de MLLE (Capítulo 4) 
se ha realizado en un cromatógrafo de gases HP 7890A equipado con un 
inyector de grandes volúmenes y de temperatura programable con 
cabeza sin septa G2619A, con un liner multi-notch desactivado (Part No. 
5183-2041), en el modo de venteo del disolvente, y acoplado a un 
espectrómetro de masas HP 5975C (Agilent Technologies, Palo Alto, CA, 
USA) con detector de triple eje.  
El gas portador empleado fue Helio 6.0 suministrado por Air Liquide 
(Sevilla) y el caudal que se utilizó fue 1.0 mL/min. La separación de los analitos 
se realizó empleando una columna cromatrográfica TRB-5 de Teknokroma o 
HP-5MS de Agilent de 30 m de longitud, 0.25 mm de d.i. y un espesor de la fase 
estacionaria (5%-fenil 95%-metilpolisiloxano) de 0.25 μm.  
5. Aparatos 
 Durante el desarrollo de la Memoria de la Tesis Doctoral se han 
empleado una serie de aparatos que se enumeran a continuación: 
• Vortex (Kelheim, Alemania).  
• Balanza analítica de precisión (Oahus, modelo Explorer).  
• pH-metro (Crison, modelo micropH 2000). 
• Microondas casero, AEG con una potencia hasta 700 W. 
• Baño termostático (JP Selecta modelo Digiterm 100). 
• Placas calefactoras con agitadores magnéticos. 
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Este Capítulo de la Memoria comprende los primeros estudios 
realizados de acuerdo a los objetivos específicos 1, 3 y 4, relacionados con el 
desarrollo de un método rápido, simple y sensible para la determinación de 
HAAs por HS–GC–MS, así como la aplicación de las metodologías 
desarrolladas para la determinación de estos compuestos en muestras de agua 
tratada y orina de personas expuestas. En este Capítulo se recoge también la 
evaluación de la exposición a HAAs de usuarios y trabajadores de una piscina 
cubierta y otra al aire libre. 
En la primera parte de este Capítulo se ha desarrollado el primer método 
para la determinación de los 9 ácidos acéticos clorados y bromados en aguas 
tratadas empleando HS–GC–MS. En este trabajo se abordó en primer lugar el 
estudio de la posible degradación térmica de  los ésteres metílicos de los HAAs 
en el portal de inyección. Este estudio está justificado por una referencia 
bibliográfica del año 2005 referente a la posible degradación de los 3 ácidos 
acéticos clorados a sus respectivos THMs a altas temperaturas en el inyector 
(ver referencia 102 de la Introducción). Sin embargo, nuestro estudio realizado 
con los estándares de los ésteres metílicos de los 9 HAAs revela que estos 
compuestos no se degradan en el intervalo de temperatura estudiado (170–250 
ºC). En lo que respecta a la determinación de HAAs, se demostró que la 
presencia de alícuotas de un disolvente orgánico (n-pentano) favorece la 
volatilización de los ésteres metílicos de los HAAs y minimiza su degradación a 
sus respectivos THMs. Se propone por primera vez el mecanismo de esta 
derivatización, que implica 3 fases: acuosa, orgánica y gaseosa. En este 
mecanismo, que puede considerarse como una catálisis de transferencia de fase, 
los HAAs forman un par iónico con TBA–HSO4, que puede atravesar la 
interfase líquido-líquido difundiéndose hasta la fase orgánica donde reaccionan 
con DMS para formar sus respectivos ésteres metílicos. El método proporciona 
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LOQs a niveles de µg/L para las 9 especies, lo cual se adecua a su 
determinación en aguas tratadas. Finalmente el método se ha validado con el 
método U.S. EPA 552.2, basado en una LLE manual con MTBE y derivatización 
de los HAAs en medio orgánico, y se ha aplicado al análisis de muestras de 
agua tratada. Los resultados revelan que los HAAs aparecen en agua de piscina 
a concentraciones entre 3 y 50 veces más altas que en agua de grifo, como 
consecuencia de la mayor cantidad de materia orgánica presente aportada por 
los bañistas y de la necesidad de aumentar la dosis de desinfectante para 
mantener un nivel adecuado de cloro residual. 
En la segunda parte de este Capítulo se ha desarrollado un método 
rápido, simple y sensible para la determinación de HAAs en muestras de orina, 
con vistas a evaluar la exposición a estos compuestos. La metodología 
desarrollada debe ser muy sensible dado que las cantidades de estos 
compuestos excretados en orina son muy bajas (niveles de ng/L). Además, los 
escasos métodos desarrollados en la bibliografía carecen de la sensibilidad 
requerida para su determinación a estos niveles. Por ello se empleó la misma 
técnica de HS, debido a su simplicidad y robustez y dado que se ve muy poco 
afectada por la matriz de la muestra. Con esta metodología se acortó el tiempo 
del análisis y se simplificó el tratamiento de la muestra enormemente, 
omitiendo etapas largas y tediosas empleadas en los métodos convencionales 
(centrifugación de la muestra de orina, acidificación, extracción, centrifugación, 
evaporación y finalmente derivatización). Un aumento del volumen de muestra 
así como la optimización de las variables instrumentales y químicas hizo posible 
la determinación de los HAAs a niveles de ng/L. Una vez optimizado el 
método se procedió al estudio de la estabilidad de estos compuestos durante el 
almacenamiento de la muestra. Estos resultados indican que los 9 HAAs son 
estables durante 8 h almacenados a 4 ºC o durante un mes si el almacenamiento 
se lleva a cabo a –20 ºC. 
Una vez desarrolladas metodologías robustas y sensibles para la 
determinación de HAAs tanto en agua como en orina se procedió a evaluar la 
exposición a estos compuestos de personas que asistían regularmente a piscinas 
cubiertas y al aire libre, aunque principalmente en piscinas cubiertas, donde 
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estos compuestos pueden concentrarse en el ambiente de las instalaciones. Se 
abordan estudios con diferentes grupos de personas expuestas, incluyendo 
usuarios (hombres, mujeres y niños) y trabajadores (monitores, socorristas, 
recepcionistas y técnicos de mantenimiento). El estudio se realizó en los meses 
comprendidos entre enero y agosto de 2010. Para llevar a cabo el estudio se 
analizaron de forma paralela las muestras de agua de la piscina (fuente de 
contaminación) y de la orina de las personas expuestas (muestra control) y se 
establecieron correlaciones entre los niveles de HAAs encontrados 
simultáneamente en ambas muestras. La determinación de HAAs en orina de 
personas expuestas requiere el desarrollo de unos protocolos de muestreo 
adecuados para evitar pérdidas por degradación y contaminación de las 
muestras. En este contexto se estudió la curva cinética de excreción de los 3 
ácidos acéticos clorados que son los excretados en orina (MCAA, DCAA y 
TCAA), para determinar el periodo de muestreo óptimo así como el tiempo de 
vida media de las especies en el organismo. Este estudio revela que los niveles 
más altos de HAAs se excretan 30 min después de la exposición y se eliminan 
del organismo ~3 h después. El estudio realizado para evaluar la contribución 
de las 3 vías de exposición a los HAAs ha puesto de manifiesto que, como era de 
esperar, la ingestión en los nadadores fue la vía de entrada más importante 
(~94% del total). A pesar de que estos compuestos no son volátiles, la inhalación 
se plantea como una ruta que debe ser considerada, correspondiendo a un ~5% 
del total. Esto se debe a que estos compuestos pueden entrar en el organismo a 
través de las gotas de agua de la piscina aerosolizadas. Por este motivo la 
exposición es más importante en piscinas cubiertas, donde las gotas de aerosol 
pueden acumularse en el ambiente de las instalaciones. La vía dérmica en 
cambio, sólo corresponde a un ~1% del total de la exposición. Los resultados 
revelan que los nadadores están más expuestos a HAAs que los monitores, no 
obstante hay que tener en cuenta que los usuarios se exponen a estos tóxicos 
normalmente durante 2 h a la semana, mientras que los trabajadores de la 
piscina pasan al menos 4 h diarias en las instalaciones. De los resultados 
obtenidos se concluye que no hay diferencia entre el sexo y edad de los 
individuos estudiados, aunque sí se observó que los niños están más expuestos 
a estos contaminantes, debido a que ingieren una mayor cantidad de agua 
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durante el baño. Finalmente este estudio demuestra que la exposición a HAAs 
por parte de los trabajadores de la piscina de exterior fue insignificante, debido 
a que las posibles gotas de agua aerosolizadas se dispersan en el ambiente. 
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Simultaneous liquid–liquid microextraction/methylation for 
the determination of haloacetic acids in drinking waters by 
headspace gas chromatography 
M.J. Cardador, A. Serrano and M. Gallego* 
Department of Analytical Chemistry, Campus of Rabanales, University of Córdoba, E-14071 Córdoba, 
Spain 
Abstract 
A novel analytical method that combines simultaneous liquid–liquid 
microextraction/methylation and headspace gas chromatography–mass 
spectrometry for the determination of nine haloacetic acids (HAAs) in water 
was reported. A mechanistic model on the basis of mass transfer with chemical 
reaction in which methylation of HAAs was accomplished in n-pentane–water 
(150 µL–10 mL) two-phase system with a tetrabutylammonium salt as phase 
transfer catalyst was proposed. Derivatization with dimethylsulfate was 
completed in 3 min by shaking at room temperature. The methyl ester 
derivatives and the organic phase were completely volatilized by static 
headspace technique, being the gaseous phase analyzed. Parameters related to 
the extraction/methylation and headspace generation of HAAs were studied 
and the results were compared with methyl haloacetate standards to establish 
the yield of each step. The thermal instability of HAAs, by degradation to their 
respective halogenated hydrocarbon by decarboxylation, and the possible 
hydrolyzation of the methyl esters were rigorously controlled in the whole 
process to obtain a reliable and robust method. The proposed method yielded 
detection limits very low which ranges from 0.02 to 0.4 µg/L and a relative 
standard deviation of ca. 7.5%. Finally, the method was validated with the U.S. 
Environmental Protection Agency (U.S. EPA) method 552.2 for the analysis of 
HAAs in drinking and swimming pool water samples containing concentrations 
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of HAAs that must be higher than 10 µg/L due to the fact that this method is 
less sensitive than the proposed one. 
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1. Introduction 
Extensive research has focused on the formation of disinfection 
byproducts (DBPs), with emphasis on trihalomethanes and, more recently, 
haloacetic acids (HAAs), the two most prominent kinds of DBPs.1–4 HAAs are 
formed by the interaction of hypochlorite with natural organic matter and 
bromide, if present. As some of these compounds like dichloroacetic acid are 
classified as probable human carcinogens,5 they are regulated by the current 
disinfectants/disinfection by-products (D/DBP) Rule of the U.S. Environmental 
Protection Agency (U.S. EPA).6 Although there are 9 haloacetic acid congeners 
that contain chlorine or bromine, the U.S. EPA has established, under the Stage 
1 D/DBP Rule, a maximum contaminant level (MCL) of 60 µg/L for the sum of 
only 5 HAAs: monochloroacetic acid, dichloroacetic acid, trichloroacetic acid, 
monobromoacetic acid, and dibromoacetic acid.  
Although some applications have been reported in the literature for the 
direct determination of HAAs in waters by using liquid chromatography,7,8 ion 
chromatography,9 and capillary electrophoresis,10 most of the analytical 
methods reported to date involved gas chromatography (GC) with electron-
capture detection or coupled with mass spectrometry (GC–MS).11–16 However, a 
prior derivatization step of the HAAs to their respective methyl esters is 
mandatory to make them suitable for GC due to the low volatility and high 
polarity of this kind of analytes. After the isolation of HAAs through liquid–
liquid or solid-phase extraction, methylation in organic medium is carried out 
by using different reagents such as diazomethane,12 acid–alcohol13–16 or BF3–
methanol.17 Among these, Fisher esterification (acid–alcohol), recommended by 
U.S. EPA methods,14 is the most common reaction used in the derivatization 
step. However, the long manipulation and reaction time (1–2 h) required for 
esterification purposes were their main drawbacks. Another alternative has 
been developed to derivatize HAAs in aqueous medium by using an ion-
pairing agent.18,19 Occasionally, the derivatization step could also be performed 
in dry conditions after evaporation of the matrix sample.13 The headspace (HS) 
technique has also been used for the determination of HAAs after 
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derivatisation.15,18,19 The HS methodology arose as a simple and fast technique 
that allows in situ derivatization/extraction of the HAAs in water although it 
requires harsh conditions.18 In this context, alternative techniques like solid-
phase microextraction (SPME) and liquid-phase microextraction (LPME) have 
emerged in order to decrease solvent and sample preparation step by using 
softer conditions. The only HS–SPME method described in the literature for the 
determination of the 9 HAAs required 40 min per analysis; providing very low 
detection limits (LODs) between 0.01 and 0.45 µg/L.19 Recently, an LPME 
method has been proposed for 6 HAAs in which the analytes derivatized with 
acidic methanol were sequentially extracted with 20 µL of 1-octanol in 
headspace mode.16 However, the method gave LODs from 0.1 to 18 µg/L and 
required 90 min per analysis. It was noteworthy that all the methods described 
in the literature for the determination of the 9 HAAs made mention of the 
degradation problems of these compounds but that none of them went on to do 
a rigorous study about this. 
We can conclude from all the above that the methods developed to date 
for the determination of HAAs in waters have two serious drawbacks: the time 
required for the sample treatment (40–120 min) and the degradation of the most 
unstable species. From that premise, the aims of this work were: (i) to reduce the 
time of sample treatment (derivatization/extraction), (ii) to cut down on organic 
solvents (extraction), and (iii) to minimize the degradation  of  the  HAAs  
during  the whole  procedure. The proposed HS–GC–MS method consisted of a 
fast liquid–liquid microextraction/derivatization stage with a very volatile 
solvent (n-pentane) which favored later co-evaporation of the methyl esters 
under soft conditions (viz. 60 °C and 20 min) during the HS extraction process. 
On the other hand, the proposed method was validated against the U.S. EPA 
method 552.2 by analyzing real water samples. 
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2. Experimental 
2.1. Chemicals and materials 
Monochloroacetic acid (MCAA), monobromoacetic acid (MBAA), 
dichloroacetic acid (DCAA), dibromoacetic acid (DBAA), bromochloroacetic 
acid (BCAA), trichloroacetic acid (TCAA), tribromoacetic acid (TBAA), 
bromodichloroacetic acid (BDCAA), dibromochloroacetic acid (DBCAA), and 
their respective methyl esters were purchased from Sigma–Aldrich (Madrid, 
Spain). The internal standard, 1,2-dibromopropane (DBP), and the surrogate, 
2,3-dibromopropionic acid (DBPA) were also supplied by Sigma–Aldrich. The 
derivatization reagent, dimethylsulfate (DMS), and ion-pairing agent, 
tetrabutylammonium hydrogen sulfate (TBA-HSO4), were purchased from 
Fluka (Madrid, Spain). The derivatization reagent as well as some HAAs are 
suspected carcinogens or toxic and were handled in accordance with the most 
current material safety data sheets. All handling of the solutions should be 
performed in a ventilate hood using latex gloves, and inhalation or skin contact 
should be avoided. Methanol, n-pentane, methyl tert-butyl ether (MTBE), 
methyl acetate, and sulfuric acid were supplied by Merck (Darmstadt, 
Germany). Potassium chloride, anhydrous sodium sulfate, magnesium sulfate 
and ammonium sulfate (dechlorinating agent) were purchased from Panreac 
(Barcelona, Spain). Stock solutions of a 1 g/L concentration of each haloacetic 
acid and methyl ester were prepared in MTBE and stored frozen in amber glass 
vials at −20 °C. More dilute individual or cumulative solutions were prepared in 
5 mL of MTBE and further diluted in mineral water (free of DBPs) at the 
microgram per-liter level. Standards solutions were prepared daily or weekly 
depending on their concentration. Milli-Q water was discarded since it contains 
a few µg/L of chloroform. 
2.2. Apparatus 
The experimental setup for the HS–GC–MS determination of HAAs 
consisted of an HS autosampler HP 7694 and an HP 6890N gas chromatograph 
(Agilent Technologies, Palo Alto, CA, USA) equipped with an HP 5973N mass 
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selective detector. The former was a 44-space autosampler for headspace vials 
equipped with a robotic arm and a headspace generation unit comprising two 
parts: an oven capable of holding 6 glass vials for heating the samples inside the 
vials and forming the headspace, and a six-port-injection valve with a 3-mL 
loop. The operating conditions for the HS autosampler were as follows: vial 
equilibration time, 20 min; oven temperature, 60 °C; vial pressurization time, 30 
s; loop fill time, 3 s; valve/loop temperature, 90 °C. Helium (6.0 grade purity, 
Air Liquid, Seville, Spain), regulated with a digital pressure and flow controller, 
was used both to pressurize vials (18 psi of flow pressure) and drive the 
headspace formed to the injection port of the chromatograph via a transfer line 
at 100 °C (2.0 psi of flow pressure). Injection was done in the split mode (split 
ratio 1:30) for 1 min; an HP-5MS (5%)-phenyl-methylpolysiloxane capillary 
column (60 m × 0.25 mm I.D., 0.25 µm film thickness, J&W) was used. The 
temperature conditions were as follows: 60 °C for 5 min and then raised at 5 
°C/min to 95 °C, where was held for 3 min, ramped at 10 °C/min to 140 °C, and 
then up to 250 °C at 25 °C/min where was finally held for 3 min. The 
chromatographic run was complete in 26.9 min. Helium carrier gas was passed 
at a rate of 1 mL/min and a solvent delay of 6.1 min was used. The injector, 
source and quadrupole temperatures were maintained at 250, 230 and 150 °C, 
respectively. The MS was operated in the electron impact ionization mode, 
using electron energy of 70 eV. Optimization experiments were conducted in 
total ion chromatography (TIC) mode between m/z 45 and 255 at 3.5 scans/s. 
Quantification of HAA methyl esters was performed in selected ion monitoring 
(SIM) mode, and 5 different acquisition windows were defined taking into 
account the retention times and suitable fragments of HAA methyl esters, as 
shown in Table 1. All the scans were performed in high-resolution mode and 
with a dwell time of 100 ms. Total ion current chromatograms were acquired 
and processed using G1701DA D.01.02 Standalone data analysis software 
(Agilent Technologies) on a Pentium IV computer that was also used to control 
the whole system. 
The determination of HAAs by U.S. EPA method 552.2 was performed 
on a Fisons model GC 8000 top and a Voyager mass spectrometer from Thermo 
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(Madrid, Spain). The analytes were separated on a 30 m × 0.25 mm I.D., 0.25 µm 
film TRB-5 capillary column coated with a stationary phase consisting of (5%)-
phenylmethylpolysiloxane and supplied by Teknokroma (Barcelona, Spain). 
Instrumental conditions were similar to those used in the HS–GC–MS technique 
excepting for the temperature program of the chromatograph. The optimal 
conditions for GC–MS were established by using a mixture containing a 10 
µg/L concentration of each methyl haloacetate and the internal standard, all in 
MTBE. The oven temperature program was as follows: 35 °C, hold 10 min; 
ramped to 75 °C at 5 °C/min and hold 15 min, then increased to 100 °C at 5 
°C/min and hold 5 min, and finally, increased at 25 °C/min up to 235 °C and 
held for 2 min. Sample injections (2 µL) were done in the split mode (split ratio 
1:20) and a solvent delay of 2.8 min was used. 
Homogenization and extraction was performed in the same analysis vial 
by using a Reax top Vortex mixer supplied by Heidolph (Kelheim, Germany). 
2.3. LLME/methylation–HS–GC–MS procedure 
Ten milliliter water sample or mineral water (free of DBPs) containing 
between 0.1 and 300 µg/L of each HAA, 20 µg/L of 1,2-dibromopropane (IS) 
and 50 µg/L of 2,3 dibromopropionic acid (surrogate) were placed in a 20 mL 
glass vial containing 5 g (3.5 mol/L) of Na2SO4. Then, 125 µL of a 0.5 mol/L 
concentration of an ion pairing agent (TBA-HSO4, 2.3 µmol as aqueous 
solution), 100 µL of derivatization reagent (DMS, 1.1 mmol, i.e. high excess), and 
150 µL of n-pentane were added sequentially. The vial was immediately sealed 
and stirred in a Vortex mixer for 3 min in order to carry out the liquid–liquid 
microextraction/methylation process. Finally, the vial was placed in the 44-
space autosampler carrousel from which the robotic arm took each one and 
introduced it in the HS oven where the sample was then heated at 60 °C with 
mechanical agitation for 20 min in order to evaporate the n-pentane containing 
the HAA methyl esters. Afterward, the headspace fraction filled the 3-mL loop 
of the injection valve, its content being driven by a helium stream to the 
injection port of the chromatograph through a transfer line heated at 100 °C. 
HAA methyl ester separation through the chromatographic column was 
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performed by using an appropriate program of temperatures as mentioned 
above. Finally, each analyte was identified and quantified in the mass 
spectrometer by using 3 characteristic m/z ratios as can be seen in Table 1. 
2.4. LLE procedure (U.S. EPA method 552.2) 
Liquid–liquid extraction for determination of HAAs in water was 
performed in triplicate following the U.S. EPA method 552.214 with minor 
modifications. Briefly, 40 mL of water sample together with 20 µL of a 100 mg/L 
standard of the surrogate were placed in a 60 mL glass vial with a Teflon screw 
cap. Afterward, 2 mL of concentrated sulfuric acid were added in order to 
adjust the pH less than 0.5, and quickly 16 g of Na2SO4 were added, being the 
vial shaken for 5 min until all is dissolved. Then, 4 mL of MTBE were added to 
extract the HAAs by stirring the vial for 2 min; once the HAAs were extracted 
the vial was leaved to stand for 5 min in order to separate both phases. 
Approximately 3 mL of the upper MTBE layer were then transferred to a 15 mL 
glass vial together with 1 mL of 10% of sulfuric acid in methanol and the vial 
was sealed and placed in a water bath at 50 °C for 2 h. After cooling the vial, 4 
mL of saturated sodium bicarbonate solution were added. Finally, 1 mL of the 
upper MTBE layer together with 10 µL of a 25 mg/L of 1,2-dibromopropane 
solution (IS) were transfer to a 2 mL glass vial and 2 µL of the extract was 
injected into the GC–MS instrument. 
 
Compound m/za
LOD (µg/L) Linear range (µg/L) LOD (µg/L) RSD (%)
Within-day Between-day Between-day
MCAA 59,79,108 0.13 0.4–300 9.5 10.5 20 12.5
MBAA 59,93,95 0.11 0.4–300 9.7 10.6 10 11.4
DCAA 59,83,85 0.02 0.1–300 6.3 7.1 6 11.3
TCAA 59,117,119 0.03 0.1–300 6.2 7.5 4 9.2
BCAA 59,127,129 0.02 0.1–300 5.8 6.4 5 8.7
DBAA 59,171,173 0.05 0.2–300 6.8 8.0 6 9.2
BDCAA 59,161,163 0.10 0.3–300 6.4 7.4 12 8.6
CDBAA 59,207,209 0.12 0.4–300 6.0 7.2 25 9.4
TBAA 59,251,253 0.40 1–300 10.4 11.5 30 8.5
a m/z ratios used for the identification of the HAA methyl esters, the m/z values used for quantification are in boldface.
LLME/methylation–HS–GC–MS EPA 552.2
RSD (%)
Table 1. Analytical figures of merit for the determination of HAAs by LLME/methylation–HS–GC–MS and
LLE–GC–MS (EPA 552.2) methods
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2.5. Analysis of water samples 
Amber glass bottles (125 mL) with PTFE screw caps were used for the 
collection of tap and swimming pool water samples. The bottles, containing 1.6 
g of ammonium sulfate as quenching reagent of residual chlorine, were 
completely filled to avoid evaporation of volatile compounds. Finally, samples 
were stored at 4 °C and analyzed within 2 days of collection. When the time 
between sample collection and analysis exceeded 48 h, samples could be stored 
at −20 °C up to 30 days. 
3. Results and discussion 
Haloacetic acids (HAAs) are thermally unstable compounds and could 
be degraded to their respective halogenated hydrocarbon by decarboxylation,20 
this effect being more marked for trihaloacetic acids containing bromine which 
are the most unstable ones. The esterification process, in which HAAs were 
derivatized to their respective methyl esters, makes these compounds more 
volatile and stable. However, under drastic conditions (i.e. high temperature) 
and in the presence of water, methyl haloacetates could be hydrolyzed giving 
the corresponding haloacetic acid again by reversing the esterification reaction. 
Thus, the U.S. EPA methods point out that high temperature derivatization will 
lead to the formation of trihalomethanes from thermal decomposition of 
trihaloacetic acid methyl ester, and thus result in an inaccurate analysis.21 It is 
obvious that not only must the method optimization pursue the highest 
analytical signals for methyl haloacetates but it also must minimize/avoid their 
degradation, therefore, both signals, methyl haloacetates and their degradation 
by-products (halogenated hydrocarbon), must be simultaneously monitored. 
3.1. Effect of injector temperature on the HAA methyl esters 
Since thermally unstable compounds can decompose in the high 
temperature GC injection port, the GC parameters used during GC analysis are 
another factor affecting the accuracy of the final results. Ma and Chiang have 
evaluated the effect of GC injection port temperature in the decomposition of 
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haloacetic acid methyl ester standards in MTBE (10 mg/L).20 All 9 species 
showed a decreased peak area at elevated injection port temperatures, this drop 
being more marked for the 3 trihaloacetic acid methyl esters containing 
bromine. The thermal decomposition processes include debromination and 
decarboxylation which result in the formation of two products. The largest 
variation observed was tribromoacetic acid methyl ester (from 3.2 to 1.0 for 
injection port temperature changing from 170 to 250 °C), which is partially 
decomposed to DBAA and bromoform in a competitive way. At a low 
temperature THM formation was favored, but at a high temperature, 
debrominated methyl ester formation dominated. In this work,20 the authors 
described the thermal decomposition of the HAA methyl esters in the injection 
port using splitless injection mode, even though split injection mode is the 
option generalized in gas chromatography. Taking into account these problems, 
a rigorous study on the effect of injection port temperature was carried out on 
the 9 haloacetic acid methyl esters using splitless or 1:20 ratio split mode. For 
this purpose, a mixture of 9 ester standards (5 mg/L in MTBE) was injected into 
the GC–MS at different injection port temperatures (150–250 °C). None of the 9 
species showed a drop in peak area, nor were trihalometanes detected using the 
splitless or split mode. Individual HAA methyl ester standards were also 
injected to check this observation; the results reconfirmed the absence of 
decomposition products like THMs. Therefore, it can be concluded that there is 
no evidence of thermal decomposition in the 9 compounds either in splitless or 
split mode. The optimal GC–MS conditions to determine the 9 methyl 
haloacetates have been included in Section 2. 
3.2. Optimization of the HS–LLME of HAA methyl esters 
Since static headspace method with GC–MS detection was used in the 
present study, the HS conditions were initially studied using the 9 esters of 
HAAs. Thus, the yields of the derivatization reaction were postponed and only 
the equilibrium level of the distribution between the liquid and gaseous phase 
for methyl esters and the thermal instability of the analytes during the 
headspace procedure were evaluated. Samples were prepared in 20 mL vials 
containing 200 µg/L of each ester in 10 mL of mineral water (free of DBPs) and 
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5 g of Na2SO4. Oven temperature and the vial equilibration time were studied 
over the ranges 50–80 °C for 10–30 min, respectively. Both parameters affect the 
stability of the 9 esters being more marked the effects on trihaloacetic acid 
methyl esters containing bromine (BDCAA, DBCAA and TBAA). Thus, 
increasing the temperature to above 60 °C and/or by using equilibration times 
over 20 min also dramatically raise THM concentrations as can be seen in Figure 
1A. In a previous work, Neitzel et al. proposed an HS method for the 
determination of 3 chloroacetic acids (MCAA, DCAA and TCAA) by using 
drastic conditions in the HS oven (85 °C, 45 min).18 However, this method is 
unable to determine other HAAs since more unstable species are mainly 
degraded under such drastic conditions. 
In previous experiments, using the HS–GC–MS method, it has been 
proven that the release of volatile compounds from the aqueous solutions is 
favored in the presence of organic solvents.22 For this reason, a liquid–liquid 
microextraction of the methyl ester was included before HS extraction in order 
to favor the volatilization of these compounds at low temperatures avoiding 
their decomposition. Initially, the yield of the liquid–liquid extraction (LLE) 
process was studied by using 3 different organic solvents, namely: n-pentane, 
methyl acetate and MTBE. The experiment was carried out in 20 mL glass vials 
containing 200 µg/L of each methyl ester in 10 mL of mineral water and 5 g of 
Na2SO4, the aqueous phase then being extracted with 1 mL of organic solvent; 
the vial was shaken for 2 min in a Vortex mixer and aliquots of 1 µL of the 
extract were injected into the GC–MS. The average LLE yields, calculated by 
quintuplicate measurements, were 96% and 93% for MTBE and n-pentane, 
respectively, and lower for methyl acetate, ca. 70%. The above experiment was 
repeated in the HS module by heating at 60 °C for 20 min employing lower 
amounts of solvents (100–300 µL). One hundred and fifty microliters of n-
pentane provided the best results in terms of peak area for all compounds in the 
HS–GC–MS method. This can be ascribed to the fact that the volatilization of the 
organic phase was incomplete by using extractant volumes higher than 150 µL, 
leaving some amounts of analytes in the liquid phase. MTBE was discarded as it 
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Figure 1. GC–MS chromatograms for methyl haloacetate standards by using different HS 
conditions: 85 °C for 45 min (A); 60 °C for 20 min (B); and 60 °C for 20 min after LLME with 150 
µL of n-pentane (C). Peak identification: MCAA (1); MBAA (2); DCAA (3); TCAA (4); BCAA (5); 
DBAA (6); BDCAA (7); DBCAA (8); TBAA (9); IS (10); chloroform (11); bromodichloromethane 
(12); dibromochloromethane (13); bromoform (14). 
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provided poor recoveries due to its higher water solubility and boiling point (56 
°C) in comparison to n-pentane (36 °C). Throughout all that has previously been 
explained it can be concluded that in the HS–GC–MS method the esters 
decompose during the heating process whereas the inclusion of a liquid–liquid 
microextraction (LLME) stage with n-pentane leads to a better yield in 
volatilization without decomposition of the analytes. As an analytical 
demonstration of the above, 3 chromatograms have been depicted in Figure 1 
which were obtained under different conditions. As can be observed in Figures 
1A and B, only 4 HAA methyl esters (MCAA, MBAA, DCAA, and TCAA) were 
extracted in the absence of n-pentane. However, the LLME stage with n-pentane 
has not only increased the extraction yields of the methyl haloacetates but has 
also minimized their decomposition since THM signals are barely observed in 
the chromatogram (Figure 1C). Even under the same HS conditions, the LLME 
with n-pentane reduces the THM concentration probably due to that the most 
unstable HAA methyl esters are stabilized in an organic medium such as n-
pentane where the absence of water avoids their hydrolysis and later 
decarboxylation to respective halogenated hydrocarbon. 
3.3. Optimization of the methylation process of HAAs 
Initially the methods for the derivatization of HAAs after an extraction 
step using different reagents were discarded and direct derivatization of these 
compounds in aqueous medium was selected to reduce sample treatment time 
and to simplify the method. This approach can be accomplished as methyl ester 
was quantitatively extracted and volatilized in n-pentane as mentioned above. 
Sarrion et al. was the only method described in the literature for the 9 HAAs by 
derivatizing with tetrabutylammonium hydrogen sulfate (TBA-HSO4) as the 
ion-pairing agent, and dimethylsulfate (DMS) as the methylation reagent, using 
this method as reference.19 In this case, the addition of modifiers such as ion-
pairing agents, which activate the HAAs during derivatization, increases 
esterification yields improving the sensitivity of the method. The procedure, for 
10 mL of water containing 200 µg/L of each HAA and the reagents, involves 5 
min at 55 °C for derivatization followed by an extraction time of 35 min at the 
same temperature in order to adsorb HAA methyl esters onto the fiber (HS 
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mode). In the present work, we have selected the above derivatizing reagents 
although a liquid–liquid microextraction (LLME) stage was included instead of 
the SPME technique in order to reduce the sample treatment time and 
avoid/minimize the decomposition of methyl esters. 
Simultaneous LLME/methylation was studied using vials of 20 mL 
containing 5 g of Na2SO4, 10 mL of mineral water spiked with 200 µg/L of each 
HAA, 100 µL of 0.5 mol/L TBA-HSO4, 100 µL of pure DMS, and 150 µL of n-
pentane which were added sequentially. Finally, the vial was sealed and shaken 
in a Vortex mixer for 2 min in order to extract/derivatize the analytes. In the 
above experiments, when using the 9 HAAs the derivatization reaction was 
only possible by heating at 55 °C for 5 min.19 Accordingly, the vial was heated in 
a water bath between 25 and 60 °C for 0–40 min. Results showed that increasing 
the temperature did not affect the derivatization efficiency. This can be ascribed 
to the inclusion of the extraction step with n-pentane since it is the only 
difference from the other method. However, the area peaks of the 9 HAA 
methyl esters increase slightly when the vials were shaken for 3 min at room 
temperature in a Vortex mixer. The influence of the concentration of the 
derivatizing reagent was studied using amounts of pure DMS between 50 and 
150 µL. In general, volumes of DMS over 90 µL gave satisfactory derivatization 
yields for the 9 HAA methyl esters; at lower volumes, all compounds were not 
derivatized, but above 110 µL the excess of DMS was extracted in n-pentane and 
volatilized appearing in the chromatogram. In order to ensure complete 
derivatization of the analytes without too much excess, 100 µL (1.1 mmol) was 
chosen as the optimal volume. Figure 2 shows the effect of this variable on the 
analytical signal for the sum of the 9 HAA methyl esters. On the other hand, the 
effect of the amount of ion-pairing agent on the derivatization of HAAs was 
also studied in the range of 75–150 µL of a 0.5 mol/L TBA-HSO4 solution. As 
can be seen in Figure 2, the analytical signals of HAAs increase drastically by 
increasing solvent volume up to 115 µL above which it remained constant; 125 
µL was finally chosen. 
Desarrollo de métodos rápidos mediante HS–GC–MS. Aplicación a muestras de agua y orina 
 
J. Chromatogr. A 1209 (2008) 61–69 79 
 
Figure 2. Influence of the DMS and TBA-HSO4 volumes on the 
derivatization yield of the HAAs (expressed as sum of all peak 
areas). 
On the other hand, the salting-out effect has been used universally in 
liquid–liquid extraction and headspace techniques since aqueous solubility 
decreases with increasing ionic strength, thus the partitioning from the aqueous 
solution to the organic phase and the gaseous one. Several authors have 
proposed magnesium sulfate as an alternate drying agent for the usual 
anhydrous sodium sulphate.21,23 The present work studied both salts as well as 
potassium chloride at concentrations between 0 and 5 mol/L. The results 
showed that without salt and in the presence of KCl, HAAs were not 
derivatized, whereas better signals were achieved by adding sodium or 
magnesium sulfate. The latter was discarded since the vials were overheated at 
ca. 60 °C which causes the decomposition of the most unstable compounds 
(trihaloacetic acids contain bromine, especially TBAA to bromoform). The best 
results were obtained with 5 g Na2SO4 (final concentration in the sample, 3.5 
mol/L) for the 9 compounds, which was therefore the one selected. The 
presence of Na2SO4 favored the extraction of the ion-pair, the efficiency of the 
derivatization reaction as well as the volatilization of the organic phase. 
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Finally, the yield of the derivatization reaction in the proposed method 
was evaluated by using the same molar concentrations of each HAA as those of 
their respective methyl esters (200 µg/L of each compound, ca. 10 nmol of each 
one). In this case the HS stage was avoided, so only the derivatization process 
was evaluated. For this purpose, 10 mL of mineral water samples containing 
HAAs were manually extracted/derivatized with 1 mL of n-pentane, and 1 µL 
of the extract injected into the GC–MS instrument. In parallel, methyl 
haloacetate standards were extracted and also analyzed by GC–MS. The average 
yield of the derivatization was over 80%, ranging from 60 to 95% for TBAA and 
DCAA, respectively. 
3.4. Methylation mechanism 
In the study, a liquid–liquid microextraction/methylation stage for 
HAAs was proposed for the first time, via the formation of an ion-pair followed 
by derivatization and extraction. However, what is questionable is if the 
derivatization takes place in the aqueous or in the organic medium. It is well 
documented that the dansylation of phenolic compounds is carried out in a two 
phase system with tetrabutylammonium salt as the phase transfer catalyst; the 
derivatization is completed within a few minutes by shaking at room 
temperature.24,25 More recently, a similar mechanism has been proposed for 
phenolic endocrine disruptors using ingenious advances in-drop derivatization 
liquid-phase  microextraction.26  We  think    that    a   phase    transfer    catalysis    
could    explain     the     liquid–liquid microextraction/methylation of HAAs in 
the method proposed. Quaternary ammonium salts are commonly used as 
phase transfer catalysts because they readily dissolve in the organic phase of a 
two-phase system. Experiments carried out at room temperature using a single 
phase of n-pentane (2 mL) or 10 mL of mineral water (with 5 g of salt) 
containing the analytes with TBA-HSO4 and DMS result in a lower 
derivatization yield in the single organic phase or a higher degradation 
percentage in the single aqueous phase as can be observed in Figure. 3. In a 
two-phase system, the organic phase (150 µL) can be dispersed into the aqueous 
one by agitation, thus, the contact area of the two phases can be increased by 
vial agitation (3 min). 
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Figure 3. GC–MS chromatograms for haloacetic acid derivatives by using a two-phase system (A) 
or a single organic (B) or aqueous phase (C). For peak identification see Figure 1. 
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In the chemical system under consideration, haloacetic acids (R–COOH) 
are converted in situ, into the corresponding anion, in aqueous medium, 
producing an ion pair with TBA-HSO4 (R–COO− N+–R4´) at pH 2.8, which can 
cross the liquid–liquid interface due to the lipophilicity of tetrabutylammonium 
cation, diffusing from the interface into the organic phase. Next, it reacts with 
DMS, (CH3)2SO4, to produce methyl haloacetates in the organic phase and the 
free cation is then transferred to the aqueous phase. In this context, the overall 
process can be featured as a phase-transfer catalysis. Finally, the esters and the 
organic phase (extract) were completely volatilized. Therefore, the 
extraction/derivatization can be formulated as depicted in Figure 4. 
 
Figure 4. Mechanism for the LLME/methylation of the haloacetic acids via formation of an ion-
pair. 
3.5. Efficiency of the whole analytical process 
The average yield of the extraction for the 9 methyl esters in aqueous 
medium (10 mL) with 1 mL of n-pentane was 93% whereas that of the 
derivatization for the 9 HAAs was 80% as mentioned above. In both 
experiments the HS technique was avoided, thus the next study was focused on 
the determination of the efficiency of the whole process. In order to check this 
point in our proposed method, the following experiment was carried out in 
quintuplicate using the procedure described in Section 2 for the 9 HAAs at a 
concentration of 200 µg/L. A parallel set was also done with the 9 methyl ester 
standards at an equimolar concentration, prepared in the same conditions as the 
HAAs (pH 2.8, acidified with dilute H2SO4) containing 5 g of salt and 150 µL of 
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n-pentane. The efficiency percentage of the whole process was surprisingly 
higher for the HAAs than for their methyl esters, being ca. 200% for DCAA, 
BDCAA and BCAA, and ca. 120% for the rest of them as can be seen by 
comparing Figure 1C and Figure 3A. It is hard to believe, so several 
experiments were performed to explain it. First, a second extraction of the 
remaining aqueous phase was performed by spiking 150 µL of fresh n-pentane 
again in order to check the absence of HAAs or methyl esters; the results 
showed that signals obtained for HAAs were lower than 5% (no significant 
carryover) whereas for methyl esters they were as high as 40% of those 
provided in the first analysis. In a second experiment, methyl esters were 
determined by using the same conditions as the HAAs (i.e. with TBA-HSO4 and 
DMS). In the presence of these reagents, higher extraction yields of the methyl 
esters and lower degradation percentages were obtained. This can be ascribed to 
the ion-pairing agent improving the extraction yields and the presence of DMS 
increasing the methyl esters stability since it minimizes/avoids the hydrolysis 
of these compounds. 
It was noticeable that some haloacetic acids are more unstable than their 
respective methyl esters as can be observed in Figure 3A, where the bromoform 
peak is easily identifiable while on the other hand this is barely observed in 
Figure 1C. For this reason, an exhaustive study on the degradation of these 
compounds was carried out by using several samples containing individual 
HAA prepared according to the method proposed. In this experiment, the 
percentage of degradation was calculated by assuming 100% to be the sum of 
the peak area of each methyl ester derivative and the peak area of its 
decomposition by-product, i.e. its respective THM. From the results it was 
concluded that: (i) five HAAs (MCAA, MBAA, DCAA, BCAA and DBAA) are 
stable in the optimal conditions of the method. (ii) TCAA, BDCAA, and DBCAA 
were degraded less than 10% to chloroform, bromodichloromethane and 
dibromochloromethane, respectively. (iii) TBAA, as previously indicated, is the 
most unstable compound since it was degraded to bromoform almost 30%. To 
our knowledge no rigorous study has been performed on this approach. 
Although most studies on HAAs mentioned degradation problems, none of 
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them gave degradation percentages of with the exception of Domino et al. who, 
following the U.S. EPA method 552.2, found degradation percentages between 
40 and 60% for TBAA.21 
3.6. Analytical features of the LLME/methylation–HS–GC–MS method 
The figures of merit in the calibration graphs for the 9 haloacetic acids 
under the optimal conditions of the method are summarized in Table 1. Linear 
ranges were from 0.1 to 300 µg/L depending on the compound. Limits of 
detection (LODs), defined at the concentration of the analyte that provides a 
chromatographic peak equal to 3 times the regression standard deviation (Sy/x) 
divided by the slope of the calibration graph, ranged from 0.02 µg/L for TCAA 
and BCAA to 0.4 µg/L for TBAA. The proposed method provided similar LODs 
to those obtained by the most sensitive method described in the literature 
(LODs from 0.01 and 0.45 µg/L) by using SPME–GC with a sensitive ion trap 
MS.19 Other less sensitive alternatives like HS18 or HS–LPME16 gave LODs 
between 0.3 and 3 µg/L or between 0.1 and 18 µg/L, respectively. The within-
day and between-day precision, expressed as relative standard deviation (RSD), 
was evaluated by analyzing 11 mineral water samples spiked with a 
concentration of 3 µg/L of each HAA on one day and on 3 different days, 
respectively. As can be seen in Table 1, the repeatability was as satisfactory as 
the reproducibility, being somewhat less so for MCAA, MBAA and TBAA. 
Recoveries of the method were calculated by using a tap water that did 
not contain HAAs at detectable values, by spiking 3 different concentrations of 
each HAA (3, 20 and 100 µg/L) to 10 mL of sample (n = 5); recoveries ranged 
from 93–95% to 94–98% for the low and the high amount levels, respectively. As 
for non-certified waters available, the proposed method was validated by 
comparing the recoveries obtained for the above tap water with those obtained 
by the reference U.S. EPA method 552.2 (see Section 2). As can be seen in Table 
1, LODs provided by the U.S. EPA method were about 150-fold higher than 
those obtained by the one proposed. The U.S. EPA method 552.2 employed in 
this work by using GC–MS was not as sensitive as that reported by using GC–
ECD.14 The recoveries of the U.S. EPA method for tap water spiked with 100 
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µg/L of each HAAs by triplicate (n = 3) ranged from 92 to 99%; therefore, both 
methods gave similar recoveries in a real water sample. 
3.7. Analysis of water samples 
The LLME/methylation–HS–GC–MS was applied to the determination 
of HAAs in a wide number of drinking water and pool water samples which 
were collected as described in Section 2. The results obtained were compared to 
those provided by the U.S. EPA method 552.2, both being listed in Table 2. The 
total HAA concentration found in tap water was between 3.6 and 30 µg/L with 
the exception of sample 7 which gave a total HAA concentration of 71 µg/L, this 
value being even higher than the MCL established for the U.S. EPA, under Stage 
1 D/DBP Rule (60 µg/L). As expected, HAA concentrations found in swimming 
pool water were higher than those in tap water due to its higher concentrations 
of residual chlorine and organic matter, well-known precursors of DBPs. 
DCAA, TCAA, BCAA, and BDCAA were found in all water samples analyzed, 
TCAA being that which provided the greatest fraction of the total HAAs in tap 
and swimming pool waters. Due to the lack of sensitivity of the U.S. EPA 
method, a paired t-test was used to compare the results obtained by both 
methods for the TCAA in tap waters, and for DCAA and TCAA in swimming 
pool waters. No systematic differences were found since the experimental t 
value was 0.18, being the corresponding t critical value of 2.23, which 
corroborates the good performance of the method proposed. 
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4. Conclusions 
A fast and straightforward LLME/methylation–HS–GC–MS method for 
the determination of HAAs in water has been developed which has several 
advantages when compared to other alternatives, namely: for the first time, a 
parallel study of the extraction/methylation–HS of the HAAs versus their 
methyl ester standards was achieved in order to establish the efficiency of each 
step and of the whole process; second, a mechanism for derivatization has been 
proposed on the basis of a two-phase system with a tetrabutylammonium salt as 
the phase transfer catalyst; third, the method is simpler and faster than those 
described in the literature since the sample treatment is shortened using softer 
conditions, which also minimized the degradation of HAAs to their respective 
halogenated hydrocarbon; fourth, the sensitivity and precision were similar to 
the most sensitive method developed to date.19 The main drawbacks of the 
method proposed was that a static HS unit was required as well as the use of an 
organic solvent (n-pentane) although only 150 µL were used per analysis; 
otherwise it is a good alternative for the U.S. EPA methods. 
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Abstract 
Haloacetic acids (HAAs) are water disinfection byproducts (DBPs) 
formed by the reaction of chlorine oxidizing compounds with natural organic 
matter in water containing bromine. HAAs are second to trihalomethanes as the 
most commonly detected DBPs in surface drinking water and swimming pools. 
After oral exposure (drinking, showering, bathing and swimming), HAAs are 
rapidly absorbed from the gastrointestinal tract and excreted in urine. Typical 
methods used to determine these compounds in urine (mainly from rodents) 
only deal with one or two HAAs and their sensitivity is inadequate to 
determine HAA levels in human urine, even those manual sample preparation 
protocols which are complex, costly, and neither handy nor amenable to 
automation. In the present communication, we report on a sensitive and 
straightforward method to determine the 9 HAAs in human urine using static 
headspace (HS) coupled with GC–MS. Important parameters controlling 
derivatization and HS extraction were optimized to obtain the highest 
sensitivity: 120 µL of dimethylsulfate and 100 µL of tetrabutylammonium 
hydrogen sulfate (derivatization regents) were selected, along with an excess of 
Na2SO4 (6 g per 12 mL of urine), an oven temperature of 70 ºC and an 
equilibration time of 20 min. The method developed renders an efficient tool for 
the precise and sensitive determination of the 9 HAAs in human urine (RSDs 
ranging from 6 to 11%, whereas LODs ranged from 0.01 to 0.1 µg/L). The 
method was applied in the determination of HAAs in urine from swimmers in 
an indoor swimming pool, as well as in that of non-swimmers. HAAs were not 
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detected in the urine samples from non-swimmers and those of volunteers 
before their swims; therefore, the concentrations found after exposure were 
directly related to the swimming activity. The amounts of MCAA, DCAA and 
TCAA excreted from all swimmers are related to the highest levels in the 
swimming pool water. 
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1. Introduction 
Chemical disinfectants are effective for killing harmful microorganisms 
in drinking water, but they also oxidize organic matter forming disinfection 
byproducts (DBPs). The major DBP fraction corresponds to the volatile 
trihalomethanes and the non-volatile haloacetic acids (HAAs), regulated in 
drinking water by the U.S. EPA, with the maximum aggregate contaminant 
level established as 60 µg/L.1,2 HAAs either proven to be a health risk and their 
effects on mammals have been studied extensively.3–6 HAAs can enter the 
human body through different routes since drinking water, apart from 
drinking, is also used for cooking, showering, bathing, and similar activities.7 
Ingestion of swimming pool water during swimming is expected to be an 
important route of exposure because in a swimming pool, HAAs may reach 
higher concentrations (1–800 µg/L) than those normally found in drinking 
water (0–100 µg/L).5,8 On the other hand monochloroacetic, dichloroacetic and 
trichloroacetic acids have also been detected in urine as metabolites of 
trichloroethylene, trichloroetanol and chloral hydrate, which have been used 
extensively as industrial solvents and extractants as well as therapeutic agents 
and anaesthetics.9,10 
Few methods have been published to determine HAAs in urine and they 
generally lack the sensitivity required for their detection at trace levels. 
Dichloroacetic and trichloroacetic (TCAA) acids have previously been measured 
in urine by using liquid chromatography,10,11 although gas chromatography 
(GC) is the most widely used technique due to its inherent advantages. GC 
determination requires a preliminary derivatization step due to the low 
volatility and high polarity of these compounds; several of the derivatizing 
reagents employed have been dimethylsulphate,9 acid–alcohol,12–15 BF3–
methanol16 or pentafluorobenzyl bromide.17 These methods are characterized by 
numerous separation steps such as: centrifugation of the urine sample, 
acidification and extraction with methyl tert-buthyl ether (MTBE), 
centrifugation, evaporation and finally derivatization. Only two methods have 
been developed to determine the 9 HAAs in urine; in both cases the above-
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mentioned separation steps are required.14,17 The derivatization of the HAAs to 
their methyl esters using sulfuric acid and methanol (80 ºC, 20 min) after 
evaporation, followed by headspace solid-phase microextraction with GC and 
capture detection,14 provides detection limits (LODs) in the range of 1–16 µg/L. 
This method has several drawbacks such as inadequate sensitivity to determine 
HAAs in human urine (the experiments are carried out with rat urine using 
intentional high levels of the toxic), multiple sample manipulations (which 
increase its uncertainty), damage of the fiber during the absorption step by 
methanol and the heating of the sample which favors the degradation of HAAs 
to trihalomethanes.14 There is only one method to determine the 9 HAAs at 
ng/L levels (LODs, 25–1000 ng/L) in human urine, which is using GC/ion trap 
mass spectrometry (negative ion chemical ionization mode). Samples are also 
acidified, extracted and evaporated before derivatization with 
pentafluorobenzyl (PFB) bromide by sonication (2.5 h, 45 ºC).17 The method is 
not only labor intensive and time consuming but also trihalogenated HAAs 
might initially form unstable PFB derivatives that quickly decarboxilate to PFB-
ethane; moreover the high sensitivity achieved is related to the high response of 
the detection instrument for PFB derivatives.17 
The static headspace (HS) technique arises as a simple and fast technique 
that allows in situ derivatization/extraction of the compounds, which greatly 
simplifies sample treatment. However, to our knowledge, only 3 methods have 
been reported about the determination of TCAA by static HS: one is related to 
the determination of TCAA after its derivatization with dimethylsulfate (4 h, 60 
ºC) by GC–ECD (LOD, 100 µg/L),18 and the others have to do with the 
evaluation of the thermal decarboxylation of TCAA to chloroform (1.5 h, 90 ºC) 
providing LOD of 2 mg/L19 or 20 µg/L20 by manual or automatic alternative 
HS, respectively. In all cases the sensitivity is inadequate to quantify TCAA in 
human urine and, in addition, it is difficult to discriminate between the amount 
of TCAA and chloroform (both DBPs) present in the native sample. Dynamic 
HS (purge and trap, P&T) CG–MS has also been used to determine TCAA in 
human urine, providing a low sensitivity (LOD, 3 µg/L); the derivatizing 
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reagent is 600 µL of sulfuric acid–methanol per 300 µL of urine using the soil 
module of a modified P&T autosampler.15 
From the foregoing, the aims of this work are to: (i) reduce the time of 
sample treatment (omitting extraction, centrifugation, evaporation, etc.) (ii) 
employ aqueous derivatizing reagents, (iii) minimize the degradation of the 
HAAs during the whole procedure, and (iv) obtain enough sensitivity to 
determine HAAs at ng/L levels in urine samples. The proposed HS–GC–MS 
method consists of a fast derivatization stage in which an aliquot of n-pentane 
(200 µL per 12 mL of urine) favors the evaporation of methyl esters under soft 
conditions (viz. 70 ºC, 20 min) during automatic HS extraction. For the first time 
a rigorous study has been carried out on the absorption of HAAs in swimmers 
after bathing. 
2. Experimental 
2.1. Chemicals and materials 
Monochloroacetic (MCAA), monobromoacetic (MBAA), dichloroacetic 
(DCAA), dibromoacetic (DBAA), bromochloroacetic (BCAA), trichloroacetic 
(TCAA), tribromoacetic (TBAA), bromodichloroacetic (BDCAA) and 
dibromochloroacetic (DBCAA) acids, as well as their respective methyl esters 
and 1,2-dibromopropane (internal standard, IS) were purchased from Sigma–
Aldrich (Madrid, Spain). Anhydrous sodium sulfate, dimethylsulfate (DMS) 
and tetrabutylammonium hydrogen sulfate (TBA–HSO4) were supplied by 
Fluka (Madrid, Spain). The solvents n-pentane and methyl tert-butyl ether 
(MTBE) were obtained from Merck (Darmstadt, Germany). All products were 
handled using efficient fume hoods and wearing protective gloves. Individual 
stock solutions of haloacetic acids and their methyl esters were prepared at 
concentrations of 1 g/L in MTBE and stored in amber glass vials at −20 ºC. More 
dilute individual or cumulative solutions were prepared in 5 mL of MTBE. 
Working standard solutions were prepared in mineral water (free of DBPs) at 
the microgram-per-liter level. 
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2.2. Gas chromatographic system and conditions 
Sample analyses were performed with an HP 6890/5973N GC/MS 
instrument (Agilent Technologies, Palo Alto, CA, USA) coupled to an HS 
autosampler (HP 7694). The autosampler was equipped with a tray for 44 
consecutive samples, an oven capable of holding 6 glass vials, where the 
headspace was generated, and a sampling system comprising a stainless steel 
needle, a 6 port-injection valve with a 3 mL loop, and two solenoid valves (for 
pressurization and venting). The operating conditions for the HS autosampler 
were as follows: vial equilibration time, 20 min; oven temperature, 70 ºC; vial 
pressurization time, 30 s; loop temperature, 95 ºC; loop fill time, 12 s; transfer 
line temperature, 105 ºC. Helium (6.0 grade purity, Air Liquid, Seville, Spain), 
regulated with a digital pressure and flow controller, was used both to 
pressurize vials (18 psi of flow pressure) and drive the formed headspace to the 
injection port of the gas chromatograph, which was equipped with a crosslinked 
HP-5MS [(5%)-phenyl-(95%) methylpolysiloxane] capillary column (30 m × 0.25 
mm i.d., 0.25 µm film thickness). The chromatographic oven temperature 
program was as follows: 40 ºC, hold 3 min, 20 ºC/min to 60 ºC with a 3 min 
hold, then 5 ºC/min to 100 ºC and finally 25 ºC/min to 250 ºC and hold for 3 
min. The chromatographic run was complete in 24 min. A solvent delay of 3 
min was set to protect the filament from oxidation. Injection was done in the 
split mode (1:20 split ratio) for 1 min, with an inlet temperature of 250 ºC. Mass 
spectra were obtained at 70 eV in the electron impact ionization mode. The 
source and quadrupole temperatures were maintained at 230 ºC and 150 ºC, 
respectively. Optimization experiments were conducted in total ion 
chromatogram (TIC) mode between m/z 45 and 255 at 3.5 scans/s. 
Quantification of HAA methyl esters was performed in selected ion monitoring 
(SIM) mode, and 5 different acquisition windows were defined taking into 
account the retention times and suitable fragments of HAA methyl esters (the 
base peaks used for quantification are boldfaced): 59, 79, 108 (MCAA); 59, 93, 95 
(MBAA); 59, 83 85 (DCAA); 59, 117, 119 (TCAA); 59, 127, 129 (BCAA); 59, 171, 
173 (DBAA); 59, 161, 163 (BDCAA); 59, 207, 209 (CDBAA); 59, 251, 253 (TBAA); 
42, 123, 121 (1,2-dibromopropane, the internal standard). All the scans were 
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performed in high resolution mode and with a dwell time of 100 ms. Total ion 
chromatograms were acquired and processed using G1701DA (rev. D.01.02) 
MSD Productivity ChemStation software (Agilent Technologies) on a Pentium 
IV computer that was also used to control the whole system. 
2.3. Sampling 
Urine samples were kindly supplied by swimmers of an indoor 
swimming pool as well as other subjects who had not entered a swimming for a 
period of 48 h. This study was carried out during the winter of 2009 for 4 
months, when the temperatures ranged from 1 to 15 ºC and, therefore, it was 
impossible for the swimmers to use the outdoor swimming pools. The 
volunteers were healthy adults and they did not consume any water or drinks 
that contained chlorinated water during the experiment, they consumed only 
mineral water (free of DBPs). In addition, the subject avoided activities such as 
visiting a dry cleaning store or industries (which can contain solvents in the 
indoor that are metabolized to HAAs), which might influence urinary HAAs 
excretions during the 24 h prior to the swimming activity. Individuals were 
informed of the research study and agreed to participate in the study and gave 
permission for the analysis of their urine. In the present study we also obtained 
the permission of the managers of the swimming pool subject. 
Samples were collected 15–30 min before and after bath activity in 
sterilized polyethylene bottles of 100 mL (with hermetical close). The swimmers 
dried themselves properly before urinating and samples were collected in an 
area separated from the site of exposure in order to avoid the risk of 
contamination. Urine samples were transported to the laboratory in a portable 
freezer and immediately analyzed after collection or stored at 4 ºC up to 8 h. 
When the time between sample collection and analysis exceeded 8 h, samples 
were stored at −20 ºC up to 60 days as maximum to avoid storage degradation. 
The frozen samples were left at room temperature until completely thawed. 
After gentle mixing, urine was transferred into the analysis vials and analyzed 
in quintuplicate (n = 5). The whole procedure followed in this work is 
schematically shown in Figure 1. Water samples were collected in amber glass 
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bottles containing 1.6 g of ammonium sulfate as quenching reagent of residual 
chlorine, stored at 4 ºC and analyzed within 2 days of collection. Two samples 
were collected each day and both analyzed in quintuplicate (n = 10). 
Urine samples were filtered through a 0.45 µm cellulose filter (Millipore 
Ibérica, Spain). Samples were placed in 20 mL glass flat bottomed vials, with 20 
mm PTFE-silicone septum caps and a crimped aluminium closure (Supelco, 
Madrid, Spain). Vials and septa were heated at 100 and 70 ºC, respectively, 
overnight prior to use. 
 
Figure 1. Flow diagram representing the whole protocol carried out in the determination of 
HAAs in urine. 
Direct
analysis
Storage at 4 ºC up to 8 h
Leave the frozen samples at room 
temperature until completely thawed
Storage at –20 ºC up to 60 days
Weight 6 g of Na2SO4 in 20 mL glass vial
Transfer 12 mL of urine to the vial
Addition of the derivatising reagents (TBA−HSO4 and DMS)
Collection of the urine samples (100 mL polyethylene bottles)
and transport to the laboratory in a portable freezer
Seal the vial and shake the sample for 3 min
Analysis by HS–GC–MS
Addition of the IS (20 µg/L) and 200 µL of n-pentane
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2.4. Analytical procedure 
As depicted in Figure 1, 12 mL of filtered urine or blank urine sample 
containing between 0.1 and 300 µg/L of each HAA were placed in a 20 mL glass 
vial containing 6 g of Na2SO4 to saturate the sample. Then, 100 µL of a 0.5 mol/L 
concentration of the ion-pairing agent (TBA–HSO4), 120 µL of derivatization 
reagent (DMS, 1.3 mmol, i.e., high excess), 1,2-dibromopropane (IS) at a level of 
20 µg/L and 200 µL of n-pentane were added sequentially. The vial was 
immediately sealed and stirred in a Vortex mixer for 3 min, and then placed in 
the autosampler carrousel. Samples were analyzed by HS–GC–MS, using the 
operating conditions as above mentioned. The HAA concentrations were 
calculated by relating to previously created calibration curves, where the peak 
area ratios (sample/IS) were plotted as a function of the sample concentration. 
3. Results and discussion 
3.1. Optimization of the chemical variables 
In a previous work, we developed a method for the determination of the 
9 HAAs at ng/L level in water after simultaneous extraction/derivatization by 
HS–GC–MS.8 In this paper, we demonstrate that the presence of n-pentane 
aliquots increases the derivatization yields of methyl haloacetates as well as 
minimizing their degradation to trihalomethanes. For urine samples, 
preliminary experiments were carried out using the same GC–MS conditions8 
but the chemicals and HS conditions must again be optimized taking into 
account the different matrices. 
In mammals, haloacetic acids can be directly determined in urine since 
they are excreted unchanged or as metabolites of other compounds, which 
simplifies the analytical procedure although the derivatization step is 
mandatory. In order to obtain the best sensitivity of the method, the first 
variable studied was the sample volume and therefore uncontaminated urine 
was used as the blank. To ensure that the autosampler needle will not come into 
contact with the urine sample during the sampling time, 12 mL of urine was 
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taken as the highest value (when salt was added to 20 mL vials containing 12 
mL urine, the volume was increased to ∼15 mL). The influence of the sample 
volume was examined from 8 to 12 mL (in 20 mL vials) using the blank urine 
fortified with 20 µg/L of each methyl ester standard and 6 g of Na2SO4. The 
signal abundance increases on increasing the sample volume up to 12 mL, 
probably as the result of the increasing HAA ester concentrations in the 
headspace. Therefore, a sample volume of 12 mL (in 20 mL vials) was adopted. 
For the study of the chemical variables, 12 mL of the blank urine was prepared 
containing 20 µg/L of each HAA, 5 g of Na2SO4, 125 µL of a 0.05 mol/L TBA–
HSO4 solution and 100 µL of pure DMS (derivatization reagents), 20 µg/L of 
internal standard (1,2-dibromopropane) and 150 µL of n-pentane in 20 mL glass 
vials according to the reagent concentration used for water analysis.8 The 
generation of the headspace is markedly affected by the sample pH; this 
variable was studied over the 3–9 range, using a spiked blank urine. As can be 
seen in Figure 2, the sample pH influences in a minor extension to 4 HAAs 
(MCAA, DCAA, TCAA and BDCAA) than to the other 5 remaining ones that 
did not show any influence since the HAAs commonly found in the real urine 
sample are MCAA, DCAA and TCAA, a pH value of 5.5–6.5 was selected as 
optimal. This range of pH was obtained by the addition of the derivatizing 
reagents to the urine sample, thus for simplicity, adjustment of the pH was not 
applied whereby the aqueous standard should be adjusted to pH 5.5–6.5 with 
diluted NaOH. The addition of salts may result in the change of the vapor and 
partial pressure, solubility, thermal conductivity, density, surface tension, etc. of 
each compound. These changes, if they occur, will result in the variation of the 
vapor/liquid equilibrium system.21 Hence, the addition of Na2SO4 was studied 
between 0 and 6 g (amount that provides the saturation of the sample). The 
abundance signal increased for the 9 HAAs as the amounts of salt increased. A 
concentration of 6 g of Na2SO4 per 12 mL of urine (saturated solution) was 
selected as the working value in order to homogenize urine samples since they 
contain different values of ionic strength.22 The effect of the concentration of the 
derivatizing reagent was studied using amounts of pure dimethylsulfate (DMS) 
between 50 and 200 µL. The reaction yield increased as the volume rose to 110 
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µL, above which it remained constant, but above 130 µL the excess of DMS was 
extracted in n-pentane and volatilized, appearing in the chromatogram. The 
derivatization of HAAs is implemented in the presence of tetrabutylammonium 
hydrogen sulfate (TBA–HSO4) as an ion-pairing agent; volumes between 75 and 
150 µL of a 0.5 mol/L TBA–HSO4 solution were assayed in the reaction. The 
analytical signals for all HAAs increased drastically on increasing TBA–HSO4 
solution volume up to 90 µL, above which it remained constant; in order to 
ensure complete derivatization of the HAAs without too much excess, 120 µL 
(1.3 mmol) of pure DMS and 100 µL of 0.5 mol/L TBA–HSO4 were chosen for 
the optimal derivatizing volume. The last parameter tested was the volume of n- 
pentane    since,   as   mentioned   above,   the addition   of  an  organic  modifier 
 
Figure 2. Influence of the pH on the generation headspace 
process of HAAs from urine samples. 
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increases the derivatization yields of methyl haloacetates and also minimizes 
their degradation to THMs.8 The addition of 200 µL of n-pentane provided the 
best results in terms of peak area for all compounds. This can be ascribed to the 
fact that in the presence of n-pentane the most unstable HAA methyl esters 
(BDCAA, CDBAA and TBAA) are stabilized in the organic medium hindering 
their hydrolysis and decarboxylation to their respective THM. The optimal 
amounts of each variable in urine samples are higher than those found for the 
determination of haloacetic acids in water due to the matrix effect. 
Urine samples require filtering through 0.45 µm cellulose filters before 
analysis because the derivatization and extraction process are favored; so, 
adsorption of HAAs onto the cellulose material and particles present in the 
samples was checked before-hand. To this end, recovery studies of HAAs 
added to urine samples before and after filtration through these filters were 
conducted and the results were found to be close to 100%. Therefore, the 
filtering material and particles present in the samples did not adsorb HAAs. 
3.2. Optimization of instrumental variables 
The instrumental variables of the headspace autosampler were also 
studied and verify that oven temperature and vial equilibration time are the 
most influential parameters since both variables affect the derivatization and 
extraction as well as the stability of the HAAs. The effect of the oven 
temperature and vial equilibration time was studied from 50 to 90 ºC and 10 to 
40 min, respectively. The peak areas increased for MCAA, MBAA, DCAA, 
TCAA, BCAA, DBAA and BDCAA as the oven temperature and equilibration 
time rise to 70 ºC and 20 min, respectively. However, at this temperature some 
degradation of the CDBAA and TBAA to their respective trihalomethanes was 
observed in the chromatogram. Since both compounds were usually undetected 
in drinking and swimming waters as well as in the urine of people exposed (the 
major compounds are MCAA, DCAA and TCAA), an oven temperature of 70 ºC 
and a vial equilibration time of 20 min were selected as a compromise. The oven 
used was one capable of simultaneously holding 6 glass vials, where the 
headspace was generated. Once the headspace was generated and enriched with 
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HAA methyl esters, its individual injection into the mass spectrometer through 
the interface was carried out in two steps, namely: vial pressurization and the 
filling of the 3-mL injection valve loop by venting the vial. Pressurization times 
between 15 and 45 s and venting time above 12 s caused negligible changes in 
the abundance signals for all HAAs and thus a pressurization time of 30 s and a 
venting time of 12 s were selected as the working value. 
3.3. Study of HAA stability in urine 
The critical steps in the analysis of biological samples are the collection, 
storage and handling of samples, during which contamination, loss and/or 
degradation of analytes may occur. A thorough study has been performed 
concerning the stability of the 9 HAAs in two groups of urine specimens from 
unexposed volunteers (free of HAAs) and exposed swimmers. Urine specimens 
from unexposed people were spiked with microliters of HAAs in MTBE in 
order to obtain a final concentration of 5 µg/L of each compound in the urine 
sample. The time of urine spike/collection was recorded on the label of the 
urine containers. Spiked urine samples and urines from exposed people were 
stored in 100 mL polyethylene bottles at 4 or at –20 ºC and analyzed between 0 
and 60 days after storage using the procedure described in Section 2.4. The 
results obtained show that, in all instances, negligible differences in stability 
were found between spiked urine samples and urine from exposed volunteers 
(which only contained DCAA and TCAA). Concentrations of 5 HAAs (DCAA, 
TCAA, BCAA, DBAA, BDCAA) of spiked urine samples (DCAA and TCAA for 
urine from exposed people) stored at 4 ºC remained constant for up to 4 days, 
after which their concentrations decreased slightly as the storage time is 
increased up to 14 days, probably due to the fact that they were degraded. 
There were significant differences for the other compounds, thus MCAA and 
MBAA remained constant for 2 days whereas TBAA and CDBAA only for 8 h 
since they were degraded to their respective THMs. In order to determine the 9 
HAAs in the urine samples, the storage at 4 ºC was maintained only 8 h. On the 
other hand, small fluctuations around the mean value of the HAA 
concentrations with time were observed in all the urine samples stored at –20 ºC 
for the 60 days of the study. Based on these results, urine samples were 
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collected in polyethylene bottles, transported to the laboratory in a portable 
freezer and stored at 4 ºC up to 8 h or at –20 ºC up to 60 days before their 
analysis. 
 
3.4. Validation of the method 
After optimization of the HS–GC–MS method, the next step was research 
on the application of the method in human urine samples. The mass 
spectrometer was set in SIM mode to reach higher sensitivity and selectivity. 
The ions monitored to identify and quantify each analyte are listed in Section 
2.2. For quantification, calibration curves were constructed by analyzing 12 mL 
blank urine spiked with the 9 HAAs at eleven different concentrations ranging 
from 0.1 to 300 µg/L. Figures of merit from the proposed method, listed in 
Table 1, show: detection limits (LOD, expressed as 3 times the regression 
standard deviation divided by the slope of calibration graphs); linear ranges 
(the limit of quantification for each compound was taken as the lowest 
concentration in the linear range); and precision (calculated as RSD percentage), 
obtained through measuring eleven samples containing 2 µg/L of each HAA 
expressed as within-day and between-day (4 different days). The LODs ranged 
from 0.01 to 0.1 µg/L for all compounds except for TBAA (0.4 µg/L) due to its 
lower GC signal. In order to assess the chromatographic resolution and 
Compound LOD (µg/L) Linear range (µg/L)
Within-day Between-day
MCAA 0.11 0.4-300   9.5 10.4
MBAA 0.09 0.4-300   9.8 10.7
DCAA 0.01 0.1-300   5.8   6.7
TCAA 0.02 0.1-300   6.5   7.3
BCAA 0.01 0.1-300   6.6   7.5
DBAA 0.04 0.2-300   6.7   7.5
BDCAA 0.08 0.3-300   6.2   7.3
CDBAA 0.10 0.4-300   6.8   7.9
TBAA 0.40    1-300 11.5 12.6
Table 1. Analytical figures of merit of the determination of HAAs
RSD, n  = 11 (%)
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efficiency of the analytical procedure, Figure 3 shows an HS–GC–MS 
chromatogram corresponding to a blank urine spiked with 5 µg/L of the 9 
HAAs. 
 
Figure 3. GC–MS chromatogram in SIM mode for urine sample spiked with 5 µg/L of each HAA. 
Peak identification: MCAA (1); MBAA (2); DCAA (3); TCAA (4); BCAA (5); DBAA (6); BDCAA 
(7); CDBAA (8); TBAA (9); 1,2-dibromopropane (IS). 
A recovery study was conducted in order to validate the method 
proposed for urine samples. Five urine samples from unexposed individuals 
(free of HAAs) were spiked with HAAs at two concentration levels (2 and 20 
µg/L) and analyzed in quintuplicate. The concentrations in the spiked urine 
samples were compared to those obtained from aqueous standards prepared 
like the urine samples but adjusting their final pH to values similar to the urine 
sample ones (5.5–6.5) with diluted NaOH. All compounds were found to have 
average recoveries between 92 and 95% for low and high amounts, respectively 
(88 and 92% for TBAA probably because its partial degradation to bromoform 
increases in urine with respect to the water sample). Therefore, no significant 
matrix effect was observed in the determination of HAAs in urine samples. 
Compared to previous results, the recoveries of the proposed HS–GC–MS 
method (90–95%; 9 HAAs) are similar to those obtained by the HS–SPME–GC–
ECD method (86–110%; DCAA and TCAA)14 and higher than what is found 
using GC/ion trap mass spectrometry (77–104%; 9 HAAs).17 
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The quality control for swimming water and urine samples was 
evaluated by checking several parameters. The same amount of 1,2-
dibromopropane solution in MTBE was spiked into each sample as an internal 
standard to check the efficiency of the HAA extractions from water/urine 
samples. A field water/urine blank was analyzed with each set of samples to 
confirm that no contamination occurred. Calibration was performed by the 
external standard method using eleven different concentration standards. The 
retention times of the prepared methyl ester derivatives of HAAs were 
confirmed by comparing their GC peaks to the peaks of commercially available 
methyl haloacetates. An external standard solution with known HAA 
concentrations was analyzed with each set of water/urine samples after every 
tenth sample, to check the validity of the calibration curves. If the observed 
concentrations of the external standard differed from the expected value by 
more than ± 15%, a new calibration curve was prepared for each compound. 
3.5. Analysis of urine samples 
Several authors have reported that after oral exposure, DCAA and 
TCAA are rapidly absorbed from the gastrointestinal tract and excreted in urine 
(mainly through experiments in rodents). DCAA are excreted in humans 
between 20 and 36 min after an intravenous administration of sodium 
dichloroacetate23 and more than 50% of the dose administered is recovered in 
rat urine, unchanged.24 With regard to TCAA, several experiments have been 
carried out in workers exposed to trichloroethylene since it is mainly 
metabolized into TCAA; in this case the sampling time is critical because the 
metabolite is excreted, from 50 until 120 h after exposure, over the range 0.5 and 
90 mg/L.15,16,19,20 There is very little information in the literature about direct 
ingestion of TCAA in humans12 and nothing about MCAA since its 
concentration in urine is too low to detect. Dermal exposure to DCAA has been 
researched in 4 persons during a swimming activity by measuring pool water 
concentration (600 µg/L) and urinary excretion (3% of the dermal dose).12 The 
present study has evaluated for the first time exposure in indoor swimming 
pools and swimmers’ uptake by selecting the urinary excretion of these 
compounds as biomarkers. Twenty subjects, including 12 swimmers and 8 non-
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swimmers, have participated in this study. Samples were collected as described 
in Section 2.3 and analyzed immediately or stored at 4 or at –20 ºC until their 
analysis. Samples were prepared as explained in Section 2.4. The optimum time 
for urine collection was studied in 5 swimmers by collecting spot samples from 
all their voids before exposure, right after exposure, at intervals of 30 min 
within 2 h after exposure and using 1 h intervals from then on until the end of 
the day of study. During this study volunteers only consumed mineral water 
(after each void), which was HAA-free. In all instances, the highest 
concentrations of HAAs detected in urine were found 15–30 min after a swim, 
so sampling was done in this interval before and after the bathing activities. The 
average time of the swims was 1 h approximately. HAAs removed in 
unchanged form in urine were thoroughly excreted 3–4 h after the end of 
exposure. In all cases (twenty subjects), HAAs were undetected in the urine 
samples from non-swimmers and of swimmers before their swim so that the 
concentrations found after exposure were directly related to the swimming 
activity. After the swim, only MCAA, DCAA and TCAA were detectable in the 
samples collected (if other HAA compounds were present, they are found at 
concentrations lower than their detection limits). Table 2 lists the results 
obtained for the twelve swimmers after 1 h swimming and the concentrations 
found in the water of the swimming pool at the same time. As can be seen in 
this Table, MCAA was detected in 6 subjects in accord with the highest 
concentration in the swimming pool water those days. The HAA found at the 
highest concentration in urine was DCAA, in accord with its highest 
concentration in the water. On the other hand, it is surprising to find a high 
concentration of TCAA taking into account that its concentration in water is 
similar to that of MCAA and this may be due to the fact that the later is 
metabolized through glutathione conjugation.24 All subjects’ excreted amounts 
of MCAA, DCAA and TCAA are related to the highest levels in the swimming 
pool water, thus there is a simple linear relationship between the data obtained 
(water and urine) with correlation coefficients over 0.75. 
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4. Conclusions 
The methodology proposed renders an efficient, cost effective and 
simple preparation process for the determination of HAAs in human urine. 
Although blood is generally accepted as the most appropriate sample for toxic 
metabolism studies, urine is also a very useful specimen to monitor excretion of 
metabolites known to be toxic. HS in combination with GC–MS afford a wide 
linear rage, and satisfactory detection sensitivity and precision, thus enabling 
application for bioanalytical purposes. Several parameters have been used to 
validate this method, namely: linearity, accuracy, precision, sensitivity, 
ruggedness and selectivity. Compared to conventional methods, our protocol 
has the advantage of not needing time-consuming procedures (such as 
extraction, centrifugation, acidification, drying and reconstitution). Until now, 
no data has been published concerning the absorption of haloacetic acids in 
swimmers, probably due to the fact that these compounds are only present in 
Swimming 
pool water Urine
Swimming 
pool water Urine
Swimming 
pool water Urine
Swimmer 1 17 ± 2 n.d. 65 ± 4 1.5 ± 0.1 21 ± 1 0.7 ± 0.1
Swimmer 2 17 ± 2 n.d. 65 ± 4 1.4 ± 0.1 21 ± 1 0.7 ± 0.1
Swimmer 3 26 ± 2 0.5 ± 0.1 138 ± 8 3.5 ± 0.3 32 ± 2 1.5 ± 0.1
Swimmer 4 26 ± 2 0.6 ± 0.1 138 ± 8 4.6 ± 0.3 32 ± 2 2.3 ± 0.2
Swimmer 5 24 ± 2 0.5 ± 0.1 127 ± 7 4.3 ± 0.3 28 ± 2 2.1 ± 0.2
Swimmer 6 24 ± 2 0.4 ± 0.1 127 ± 7 3.1 ± 0.2 28 ± 2 1.4 ± 0.1
Swimmer 7 19 ± 2 n.d. 80 ± 6 1.8 ± 0.1 22 ± 1 0.6 ± 0.1
Swimmer 8 19 ± 2 n.d. 80 ± 6 2.3 ± 0.2 22 ± 1 0.8 ± 0.1
Swimmer 9 22 ± 2 0.4 ± 0.1 117 ± 8 3.9 ± 0.3 26 ± 2 1.3 ± 0.1
Swimmer 10 22 ± 2 0.4 ± 0.1 117 ± 8 3.1 ± 0.2 26 ± 2 1.5 ± 0.1
Swimmer 11 19 ± 2 n.d. 109 ± 7 3.8 ± 0.3 25 ± 2 1.1 ± 0.1
Swimmer 12 19 ± 2 n.d. 109 ± 7 2.5 ± 0.2 25 ± 2 0.9 ± 0.1
n.d., not detected.
a ± Standard deviation, n  = 10 for water and n  = 5 for urine.
Table 2. HAA concentrationsa (µg/L) found in swimming pool water and in swimmers’ urine
after swimming 1 h
MCAA DCAA TCAA
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urine at very low concentrations and the methods described are not sensitive 
enough to detect these compounds at ng/L levels. 
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Haloacetic acids in swimming pools: swimmer and worker 
exposure 
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Abstract 
For the first time, the exposure of swimmers and workers to haloacetic 
acids (HAAs) in indoor and outdoor pools was evaluated through the analysis 
of urine samples. The subjects of this study, 49 volunteers, were male and 
female workers as well as swimmers (adults and children) who regularly 
attended an indoor pool (January–June) and an outdoor one (July and August). 
The results showed that HAAs appeared 20–30 min after exposure and were 
eliminated within 3 h. After 2 h exposure, urine samples taken from workers 
contained dichloroacetic (DCAA) and trichloroacetic (TCAA) acids at ~300 and 
∼120 ng/L levels since HAAs were aerosolized in the indoor ambient, whereas 
only DCAA was found in some workers’ urine samples from the outdoor pool 
but at ∼50 ng/L levels, despite the fact that the outdoor pools generally had 
somewhat higher levels of HAAs than the indoor pools. After 1 h swimming 
TCAA, DCAA and MCAA were present at concentrations of ∼4400, ∼2300, and 
∼560 ng/L, respectively, in the swimmers’ urine in the indoor pool; similar 
results were obtained from the swimmers in the outdoor pool due to accidental 
ingestion. Finally, exposure estimates indicate that ingestion is the major route 
of exposure (∼94%), followed by inhalation (∼5%) and dermal contribution 
(∼1%). 
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1. Introduction 
Water disinfection is extremely important for the protection of public 
health, reducing mortality and infectious diseases. However, the reaction of 
disinfectants, mainly chlorination, with natural organic matter and/or 
bromide/iodide present in water generates disinfection byproduct (DBPs).1 
Trihalomethanes (THMs) and haloacetic acids (HAAs) are the most prevalent 
groups of chlorination byproduct and therefore are good indicators of the 
overall DBPs in chlorinated water.2 Because of their potentially harmful effects 
on human health,3 HAAs have been receiving a lot of attention in recent years, 
and many countries or international organizations have promulgated 
regulations to control these compounds in drinking water. The United States 
Environmental Protection Agency has set the maximum contaminant level of 
the sum of 5 HAAs at 60 μg/L;4 the World Health Organization set the 
guidelines of monochloroacetic (MCAA), dichloroacetic (DCAA) and 
trichloroacetic acids (TCAA) at 20, 50, and 200 μg/L, respectively;5 and the 
European Union is considering regulating the 9 HAAs at 80 μg/L.6 The 
concentration of DBPs in swimming pool water may be expected to be higher 
than those normally found in drinking water.7 This may be because swimming 
pools generally utilize a water recirculation system for relatively long periods 
due to the enhanced chlorination process in which chlorine can react with 
various organic pollutants (i.e., natural organic matter in the filling water and 
human body excretions released by swimmers).8 In spite of that, there is little 
data about HAAs in swimming pools since they are still not regulated in many 
parts of the world.9,10 
Some studies showed that HAAs are more carcinogenic than THMs. 
DCAA is hepatoxic and produces neurotoxicity11 and TCAA induces cardiac 
defects in rat fetuses.12 More recently a rigorous comparative analysis of chronic 
cytotoxicity and acute genomic DNA damaging capacity of 12 HAAs in 
mammalian cells has been tackled.13 This study demonstrated that brominated 
acetic acids have more adverse health effects than chlorinated ones and mono-
HAAs are more cytotoxic than their corresponding di- or tri-HAAs. In spite of 
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that, very few studies have been reported in the literature to estimate HAA 
uptake during household activities and swimming pool attendance. Inhalation 
exposure from showers provides evidence that the daily inhalation dose of each 
HAA during showering is much lower than a corresponding daily average 
ingestion dose of the compound by drinking water.14 Exposure to HAAs via 
ingestion of drinking water has also been assessed in a Russian city considering 
data on water ingestion and water use practices in the population.15 There are 
multiple possible exposure pathways to DBPs during swimming (i.e., ingestion, 
inhalation and dermal absorption) although, considering the low volatility of 
HAAs, the most likely routes of exposure would be expected to be ingestion and 
dermal absorption. However, Kim and Weisel showed that dermal absorption 
during bathing and/or showering is only a minor contributor to total 
exposure.16 Furthermore, measurement of HAAs is much more laborious and 
expensive compared to that of THMs, since they require a preliminary 
derivatization step due to their low volatility and high polarity before they can 
be determined by gas chromatography. Not many methods have been 
published to determine HAAs in urine and they generally lack the sensitivity 
required for their detection at trace levels. Froese et al. have evaluated the 
exposure for drinking water on the measurement of TCAA in urine as well as 
the half-life of this compound obtaining an apparent excretion from 2.3 to 3.7 
days.17 Only two methods have been developed to determine the 9 HAAs in 
urine; in both cases numerous separation steps are required.18,19 Recently our 
group has developed a method to determine the 9 HAAs in urine by headspace-
gas chromatography–mass spectrometry (HS-GC/MS) which is characterized 
by automatic derivatization/extraction that provides enough sensitivity to 
determine HAAs at ng/L levels in urine samples.20 A compilation of DBP 
occurrence data from the literature for indoor swimming pools shows that more 
attention should be paid in indoor pools because higher exposure to DBPs 
occurs in these closed environments.7,8,21,22 In addition swimming pool water is 
expected to be an important route of exposure for HAAs because these 
compounds can reach higher concentrations (1–800 μg/L) than those normally 
found in drinking water (0–100 μg/L).23,24 
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Taking into consideration the foregoing, the aims of this work have been 
(i) to establish the kinetics of urinary HAA excretion for the first time in order to 
select a sampling time which is representative of the absorbed dosage 
(maximum level), as well as to determine the half-lives of these compounds in 
the body; (ii) to estimate the contribution of the 3 routes of exposure (ingestion, 
inhalation, and dermal absorption) to the total exposure to HAAs from 
chlorinated pool water experienced by 6 subjects; (iii) to study the exposition of 
swimmers and workers to HAAs in indoor and outdoor pools, because they are 
the population that is the most exposed to HAAs generated by water 
chlorination. The study comprises the participation of 49 volunteers. 
2. Materials and Methods 
2.1. Chemicals and standards 
Nine HAAs, including monochloroacetic (MCAA),monobromoacetic 
(MBAA), dichloroacetic (DCAA), dibromoacetic (DBAA), bromochloroacetic 
(BCAA), trichloroacetic (TCAA), tribromoacetic (TBAA), bromodichloroacetic 
(BDCAA), and dibromochloroacetic (DBCAA) acids and the internal standard, 
1,2-dibromopropane were purchased from Sigma-Aldrich (Madrid Spain). The 
derivatization reagents (dimethylsulfate, DMS, and tetrabutylammonium 
hydrogen sulfate, TBA-HSO4) were purchased from Fluka (Madrid, Spain). All 
other chemicals were purchased at the highest level of purity from Merck 
(Darmstadt, Germany). 
Stock solutions (1 g/L) for all single standard substances and 10 mg/L 
mixture of the 9 HAAs were prepared in methyl tert-butyl ether (MTBE) in 
amber glass vials and stored at –20 ºC. Working standard solutions were 
prepared in mineral water (free of DBPs) at concentrations in the range 0.1–300 
μg/L or in uncontaminated urine (blank) in the range 0.03–10 μg/L (in 
agreement with the range found in real water or urine samples). 
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2.2. Swimming pool and subjects 
This study was carried out from January until August of 2010 in an 
indoor swimming pool and another outdoor one, located in Rabanales 
University Campus in Córdoba (Spain), next door to the analysis laboratory, 
which simplified the sampling and transport of samples. The indoor pool (size: 
25 m long, 11 m wide, and 2 m deep) is located in an installation with the 
following structural characteristics: 32 m length, 23 m width, 6 m height. The 
outdoor pool is 50 m long, 22 m wide and 2.5 m deep. Both pools receive tap 
water from the same supply and operate in a closed loop system in which the 
chlorination process (with sodium hypochlorite) is carried out following a 
standardized protocol. The physical and chemical parameters of the water in 
both pools, such as water temperature (28.5–32.6 ºC), pH (7.2–7.4) and free 
residual chlorine (0.7–2 mg/L), were gathered together with the indoor 
swimming pool climatic parameters, air temperature (28.5–34.6 ºC) and relative 
humidity (60–80%). The concentration of bromide present in the indoor and 
outdoor pools was lower than 0.1 and 0.2 mg/L, respectively. 
Both pools were attended by the general population, including children 
and adults, during swimming classes; in addition to students, professors, and 
workers who frequent Campus facilities. Through different sampling sessions, 
24 exposed occupational subjects (workers), 19 swimmers (13 adults and 6 
children) and 6 exposed researchers participated in this study. Information on 
personal data (sex, age, weight, and height), as well as the working activity and 
number of hours spent by swimming pool workers in each work shift were 
collected in Supporting Information (SI) Table S1. Factors that can influence 
HAA exposure were also controlled (showering and bathing; visiting dry 
cleaning stores, which can contain perchloroethylene indoors that is 
metabolized to HAAs, were all avoided during the 24 h prior to exposure, in 
addition to postshowers in the hours, up to 4, after exposure for kinetics study). 
A control group of 5 subjects who had no pool exposures and other incidental 
exposures to HAAs was also included in the present study. Monitors and pool 
guardians usually spent their work shift at the edge of the pool, administration 
staff (receptionists) in the reception area, annexed to the pool installation, and 
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the maintenance technician all over the installation. The work shifts started 
either at 9:00 in the morning or at 15:00 in the afternoon. Swimmers attended the 
pool 2 days per week and spent 1 h bathing. The volunteers did not consume 
any water or drinks that contained chlorinated water during the experiment (1 h 
or 2–4 h for swimmers or workers, respectively); they only drank mineral water 
(free of DBPs). The study was approved by the managers of the swimming pool 
subjects, and signed informed consent was obtained from each adult and the 
parents of the children. In addition, the urine samples were taken by the parents 
of the children or by the children themselves. 
The estimation of the 3 possible routes of HAA absorption was carried 
out by examining elevations in the body burden of these compounds based on 
measurements of their urinary excretion following inhalation, dermal 
absorption and ingestion exposures in an indoor pool. This study was 
performed in quintuplicate by 6 researchers that used the indoor pool through 
different sampling sessions on days with similar chemical and physical 
parameters in the water and climatic conditions (temperatures and relative 
humidity) of the air. Study participants were requested to stay in the ambient 
air of the pool at ∼2 m from the edge of the swimming pool (inhalation 
exposure), to walk around in the pool submerging the entire body except for the 
head (dermal and inhalation exposures) or to swim (inhalation, ingestion, and 
dermal exposures) for 1 h in the 3 experiments. 
2.3. Sampling 
Sampling protocols of the urine and pool water samples were included 
in the SI. 
2.4. Methods 
Determination of HAAs in urine samples was carried out by a method 
already described in a previous study,20 in which 12 mL of filtered urine sample 
were analyzed by HS–GC/MS. The limit of detection (LOD) thus obtained 
ranged from 0.01 to 0.11 μg/L (except for TBAA, 0.4 μg/L) and the relative 
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standard deviation (RSD, expressed as repeatability) was 8 ± 2%, from 11 
samples containing 2 μg/L of each compound. 
The method used for HAA determination in water was also similar to 
other previously reported,23 in which 10 mL of water sample were also analyzed 
by HS-GC-MS. The LOD ranged from 0.02 to 0.4 μg/L and the RSD was 7 ± 2%, 
from 11 samples containing 3 μg/L of each haloacetic acid. 
More information about both procedures and the foundation of the HS-
GC-MS method was detailed in the SI. 
3. Results and discussion 
3.1. Kinetics of urinary HAA elimination 
There is little information in the literature about the excretion of HAAs 
in urine and the majority of the data is related to experiments in rodents using 
very high doses of DCAA and TCAA.25 With respect to humans, DCAA is 
excreted between 20 and 36 min after an intravenous administration of sodium 
dichloroacetate.26 With regard to TCAA, several experiments have been carried 
out in workers exposed to trichloroethylene since it is mainly metabolized into 
TCAA; in this case the metabolite is excreted, between 50 and 100 h after 
exposure, over the 5 and 30 mg/L range.27 No reference to MCAA excretion is 
found since its concentration in urine is too low to be detected. The only study 
on dermal HAA absorption in swimming pools is related to the excretion of 
DCAA and TCAA in urine in 4 human subjects during a swimming activity by 
measuring pool water concentration (600 μg/L) and urinary excretion; both 
HAA urinary excretion rates rose 1 h after exposure and returned to 
background levels within ∼3 h after exposure.16 More recently, our group has 
found that after swimming, MCAA, DCAA, and TCAA are detectable in the 
swimmers’ urine.20 For this reason, in the present study, the exposure to HAAs 
in an indoor swimming pool has been evaluated for the first time by selecting 
the urinary excretion of these compounds as biomarkers. The kinetics of the 
excretion of DCAA, TCAA and MCAA in the urine of the participants exposed 
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was studied in order to select the sampling time and determine the elimination 
process. Selecting the sampling time is essential because swimmers leave the 
swimming pool installation when they finish their swimming activity and are 
then hard to locate. Several urine samples (in triplicate sessions) from 4 workers 
and 4 swimmers (two males and two females in both groups) were collected 
before exposure and at 0, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, and 4 h after termination of 
exposure (during this time they only drank mineral water, 0.5 L between each 
taking of a sample), and were analyzed. The sample collected within 15 min 
after exposure was considered the sample at time 0 and the rest followed this 
initial sample at determined intervals of time. DCAA and TCAA were present 
in all those studied but MCAA was only detected in the swimmers, in accord 
with the highest concentration in the water. The results were similar for males 
and females (rapid initial decrease in HAA concentration that slowed down 
with time) and the kinetic curves for monitor 17 and swimmer 4, as models 
corresponding to the excretion of the detected HAAs in urine after exposure, are 
depicted in SI Figures S1 and S2, respectively. No HAA was detected before 
exposure in any of the subjects studied (therefore their concentrations were 
lower than their LODs, namely: 0.11, 0.01, and 0.02 μg/L for MCAA, DCAA, 
and TCAA, respectively); similarly, HAA concentrations that were detected at 
unquantifiable values have been included in the figures for illustrative 
purposes. Elimination curves followed a first-order kinetics, obeying the 
equation Ct = C0 e–kt where C0 and Ct are the initial concentration and the one at 
time t, respectively, and k is the rate constant which indicates the fraction of the 
determinant in the body removed per unit of time. The biological half-life (t1/2) 
denotes the time needed to reduce the biological level of the HAA by half, 
which is inversely related to the elimination constant (k = ln 2/t1/2) and is the 
most useful parameter to describe the elimination process.28 Similar results were 
obtained in the half-life of the HAAs for workers (66 ± 5 min for DCAA and 61 ± 
3 min for TCAA) and swimmers (70 ± 6 min for DCAA, 67 ± 4 min for TCAA 
and 62 ± 5 for MCAA). It is important to emphasize that the HAA excreted at 
the highest concentration in swimmers was TCAA (in agreement with its higher 
concentration in the pool water) whereas the HAA found at the highest 
concentration in workers was DCAA. This can be ascribed to the different 
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exposure routes for workers and swimmers. Thus, ingestion represents the most 
important exposure for swimmers and the amount excreted of each HAA is 
related to the amount found in the pool water. On the other hand, inhalation 
represents the main exposure route for workers. Since HAAs have inherently 
high polarity and water solubility, and low Henry's law constant, they show a 
much greater tendency to be residing in aqueous systems than in air. Thus, 
HAA uptake in workers was mainly through drops of aerosol existing in the 
ambient air of the indoor swimming pool. This suggests that aerosol 
composition can be slightly different from the pool water probably because the 
aerosolization of DCAA was more favored than that of the TCAA. The 
aerosolization of HAAs can be related with both the Henry’s Law constant and 
the pKa values of these compounds. Therefore, since TCAA shows lower 
Henry's law constant (KH, 1.35 × 10–8 and 3.52 × 10–7 atm m3/mol for TCAA and 
DCAA, respectively)29 and highest acid strength (pKa, 0.70 and 1.48 for TCAA 
and DCAA, respectively) than that for DCAA, probably TCAA shows a much 
greater tendency to be residing in the aqueous phase whereas the aerosolization 
of DCAA is more favored; thus, the concentration of DCAA in the aerosolized 
air was higher than that of the TCAA. According to SI Figures S1 and S2, 
urinary HAA elimination was fast and the highest level of HAA was found ∼30 
min after the end of exposure, decreasing at levels below the quantification 
limits of the method ∼3 h after exposure. The rapid elimination of TCAA, 
DCAA, and MCAA in the urine was probably due to the efficient removal of 
ionic species by the kidney, as these compounds are predominantly ionic in 
blood plasma (pH 7.4), since their pKa values are low (0.70, 1.48, and 2.65 for 
TCAA, DCAA, and MCAA, respectively).16 
3.2. Estimation of HAA exposure through ingestion, inhalation and 
dermal absorption 
We have carried out a comparative study on 6 researchers (see SI Table 
S1) who were selected because they know the sampling protocol perfectly, (3 
males and 3 females; average age of ∼26 years; mean mass index 22 kg/m2) in 
order to estimate the fraction of haloacetic acids, in a qualitative sense, absorbed 
Desarrollo de métodos rápidos mediante HS–GC–MS. Aplicación a muestras de agua y orina 
 
Environ. Sci. Technol. 45 (2011) 5783-5790 123 
by the human organism through the 3 possible exposure routes (ingestion, 
inhalation, and dermal absorption) in the indoor swimming pool. For that 
reason, 3 experiments were carried out in different sampling sessions on 
separate days but always at similar physical and chemical parameters with 
respect to water and climatic conditions, such as relative humidity (70 ± 5%) and 
ambient temperature (28 ± 2 ºC) in the pool. In one phase the 6 subjects sat 
down for 1 h near the edge of the pool reading a book or working on a personal 
computer and therefore there was neither not physical activity nor exposure at 
the water surface (scenario of inhalation). Ideally, this experiment should be 
carried out by placing the 6 researchers in an air bed directly at the water 
surface or running around the pool. However, it should be noted that the pool 
installations are public and the possibility of gathering the subjects into the pool 
or make them run around it completely dressed and without disturbing the 
users and monitors was not possible. Therefore the 6 researchers stayed as close 
as possible to the pool (∼2 m away from the edge of the pool) sitting for 1 h; in 
this way, the only possible route of exposure was inhalation although probably 
in less proportion than making a physical activity. During this experiment (A in 
Table 1) the subjects were completely dressed with lab coats and trousers, with 
only their faces uncovered, in order to avoid/minimize dermal absorption. In 
the second phase, the 6 subjects made physical exercises and walked for 1 h 
(with their head above water) using enough energy to simulate a physical 
activity as close as possible to swimming; thus, the exposure route includes both 
dermal absorption and inhalation. In this experiment the body surface area 
contacting pool water was estimated by subtracting the surface area of the head, 
∼7.8% of the total body surface area for adult men and ∼7.1% for adult 
women,30 from the total surface area (see SI Table S1). Accordingly, the data in 
Table 1 (dermal exposure) included the division of experimental values (B–A) 
by the factor 0.92 for male (researchers 1–3) or 0.93 for female (researchers 4–6). 
Finally, in the third experiment, the 6 subjects swam in the swimming pool for 1 
h; in this case, the exposure involved all 3 possibilities: dermal absorption, 
inhalation and ingestion. These experiments were carried out for 1 month in 
quintuplicate and the average values obtained are shown in Table 1. As 
expected,  the  lowest  values  of  HAA  concentrations  in  urine  were  obtained 
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when only one route of exposure existed, inhalation, followed by the other 2 
means; the highest concentration values of HAAs in urine were obtained when 
the subjects were swimming. The average concentrations in a qualitative sense 
after inhalation exposure (second column in Table 1) were 227 and 79 ng/L for 
DCAA and TCCA, respectively. The average concentrations after dermal 
exposure (the fourth column), by subtracting the surface area of the head, were 
63 and 21 ng/L for DCAA and TCAA, respectively. MCAA was undetected in 
the researchers' urine after inhalation and/or dermal exposures. The dermal 
A Inhalation (A) B Dermal (B−A) C Ingestion (C−B)
Researcher 1 275 ± 50 275 340 ± 65 71 1945 ± 413 1605
Researcher 2 200 ± 30 200 262 ± 50 67 3300 ± 833 3038
Researcher 3 250 ± 45 250 310 ± 55 65 2670 ± 542 2360
Researcher 4 265 ± 45 265 321 ± 61 61 3130 ± 696 2809
Researcher 5 190 ± 35 190 245 ± 45 60 2260 ± 472 2015
Researcher 6 180 ± 32 180 231 ± 44 55 2465 ± 586 2234
Average values 227 ± 41 227 ± 41 285 ± 45 63 ± 6 2628 ± 516 2344 ± 522
A Inhalation (A) B Dermal (B−A) C Ingestion (C−B)
Researcher 1 95 ± 18 95 120 ± 24 27 3690 ± 766 3570
Researcher 2 70 ± 14 70 92 ± 18 24 6340 ± 1475 6248
Researcher 3 85 ± 16 85 104 ± 19 20 5370 ± 1075 5266
Researcher 4 90 ± 17 90 108 ± 20 20 5995 ± 1320 5887
Researcher 5 66 ± 13 66 83 ± 15 19 4420 ± 975 4337
Researcher 6 65 ± 13 65 78 ± 15 14 5175 ± 1180 5097
Average values 79 ± 13 79 ± 13 98 ± 16 21 ± 5 5165 ± 984 5068 ± 988
A Inhalation (A) B Dermal (B−A) C Ingestion (C−B)
Researcher 1 n.d.b n.d. 460 ± 115 460
Researcher 2 n.d. n.d. 690 ± 186 690
Researcher 3 n.d. n.d. 640 ± 145 640
Researcher 4 n.d. n.d. 710 ± 181 710
Researcher 5 n.d. n.d. 520 ± 125 520
Researcher 6 n.d. n.d. 600 ± 158 600
Average values 603 ± 98 603 ± 98
b n.d., concentrations lower than the LOD (110 ng/L).
Table 1. Concentrations (ng/L) of urinary HAAs excreted associated with the 3 exposure routesa
Dichloroacetic acid
Trichloroacetic acid
Monochloroacetic acid
a A, subject stayed at ~2 m of the pool border sitting down for 1 h (inhalation); B, subject sumerged in the pool
walking for 1 h (dermal absortion plus inhalation); C, subject swimming for 1 h (dermal absortion, inhalation and
ingestion).
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absorption of DCAA and TCAA was similar for all subjects, omitting 
researchers 1 and 6 (the people with the highest and the lowest total surface 
area 2.16 and 1.38 m2, respectively) (see SI Table S1). In addition, although 
TCAA was found at the highest concentration in the pool water, DCAA uptake 
was the highest in workers since, as described above, its KH is greater and 
shows the lowest acid strength and therefore its concentration probably was 
higher in the aerosolized air. However, it is surprising that, contrary to what 
was described in the only available study on HAA dermal exposure which 
states that inhalation contribution is not significant because HAAs are not 
volatile compounds,16 our study shows that this route of exposure is actually 
very important and probably represents a higher contribution than that of 
dermal exposure. This can be explained taking into account that, although the 
HAAs are not volatile, if they get into the atmosphere of the indoor swimming 
pool through drops of aerosol existing in the ambient air (relative humidity 60–
80%), they therefore enter the organism through breathing (an adult expires 
approximately 500 mL air with each breath). It would be very interesting to 
corroborate this study with the measurement of HAA concentrations in the 
aerosolized and alveolar airs31 but the only method described in the literature 
for the determination of HAAs in urban and semirural air samples does not 
provide adequate sensitivity to monitorize these compounds in the pool 
installation.32 Thus, in this method ambient air samples were taken with a pump 
flow at 16.7 L/min for 48 h (total air volume, 50 000 L; concentrations of HAAs 
found lower than 19 ng/m3). This time of sampling was not extrapolated to the 
monitorization of the air levels of HAAs in the swimming pool installations 
since the work shift of the monitors lasts 2 or 4 h. In this sense it was not 
possible to relate both time periods. It would be more suitable to develop a 
more sensitive new method. The problem is much more complex when it is 
necessary to analyze alveolar air (volume of sample 0.1 L) to obtain the 
correlation between ambient air/alveolar air. According to these results the 
following conclusions can be drawn: dermal absorption exposure contributes 
the least (∼1%) since the HAAs are polar, followed then by inhalation exposure 
(∼5%), and ingestion (∼94%) is the major route of exposure; within the HAAs, 
DCAA contributes the most to aerosolized air since its KH is higher and its acid 
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strength lower than that of TCAA. However, when it comes to exposure 
through ingestion, the highest concentration in urine is related to the HAAs that 
can be found at higher concentrations in swimming pool water. Finally we 
would expect substantial differences in the inhalation rates for the 3 scenarios 
but we cannot forget that the contribution of the 3 exposure routes is very 
different. In qualitative terms the ingestion prevailed ∼20 times over the 
inhalation exposure. 
3.3. Study of HAA concentrations in worker and swimmer urine 
The exposure to HAAs in both the indoor and outdoor pools was 
evaluated by analyzing urine samples from workers and swimmers (adults and 
children) exposed to these compounds; at the same time HAA concentrations in 
the water of both pools were also determined. Chlorinated HAAs were present 
in all the water analyzed, while brominated ones were seldom detected (only 
BCAA was detected in the outdoor pool at concentrations lower than 30 ng/L), 
since the surface water which supplied the pools contained a low concentration 
of bromide. With respect to the urine samples analyzed, TCAA, DCAA and 
MCAA were found in the urine of swimmers in both pools whereas DCAA and 
TCAA were found in the urine of workers mainly pertaining to the indoor pool. 
DCAA and TCAA concentrations in pool water (average value of 18 samples) 
and in workers’ urine (average value of 5 replicates per sample) after 2 h 
exposure, and after the work shift of 4 h in both pools (at 20–30 min intervals as 
established above) are shown in Table 2. In the outdoor pool the average 
concentration of TCAA (118 μg/L) was similar to that found in the indoor pool 
(from January to June), whereas for DCAA it was ∼2 times greater, probably 
due to the large amount of chlorination products used in the hot summer 
months sampled (July and August, ∼40 ºC). These values were much higher 
than those found in the chlorinated surface water which supplied the pool (ca. 5 
and 11 μg/L for DCAA and TCAA, respectively), due to the presence of organic 
materials released into swimming pool water by swimmers and the chlorination 
process.   Regarding   the   biological  monitoring  of   exposure  to  HAAs,  these 
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compounds were undetected in workers’ urine before exposure which suggests 
that there was not recent exposure before participating in the study according to 
the protocol established (including ingestion of beverages, showering, bathing, 
etc.), and that HAAs have not bioaccumulated over time from repeated 
exposure to heavily chlorinated water. After 2 h of exposure, urine samples 
taken from monitors and pool guardians from the indoor pool contained DCAA 
concentrations in the 230–448 ng/L range, and TCAA from detectable values 
(<60 ng/L) to 163 ng/L, with a mean value of 120 ng/L. As expected, DCAA 
and TCAA concentrations in the urine of workers who have a work shift of 4 h 
Indoor pool
Monitor 1 67000 ± 6900 230 ± 18 370 ± 27 93000 ± 10700 < 60 81 ± 7
Monitor 2 67000 ± 6900 225 ± 17 364 ± 26 93000 ± 10700 < 60 85 ± 7
Monitor 3 82000 ± 9400 343 ± 25 535 ± 39 108000 ± 13600 113 ± 9 174 ± 14
Monitor 4 101000 ± 9600 410 ± 30 675 ± 47 136000 ± 14000 135 ± 11 213 ± 17
Monitor 5 72000 ± 8700 252 ± 19 387 ± 29 99000 ± 12800 < 60 97 ± 8
Monitor 6 69000 ± 7200 258 ± 20 400 ± 29 102000 ± 11400 97 ± 9 147 ± 12
Monitor 7 69000 ± 7200 237 ± 18 375 ± 28 102000 ± 11400 90 ± 8 145 ± 12
Monitor 8 75000 ± 8900 269 ± 21 443 ± 33 111000 ± 13500 98 ± 9 158 ± 13
Monitor 9 70000 ± 7100 259 ± 20 420 ± 31 98000 ± 11400 < 60 104 ± 9
Monitor 10 88000 ± 8500 340 ± 25 540 ± 38 125000 ± 13400 125 ± 10 197 ± 16
Monitor 11 79000 ± 7300 305 ± 23 112000 ± 11500 113 ± 9
Monitor 12 79000 ± 7300 254 ± 19 112000 ± 11500 92 ± 8
Monitor 13 93000 ± 9000 398 ± 29 136000 ± 14700 148 ± 12
Monitor 14 90000 ± 8900 356 ± 26 125000 ± 13800 122 ± 10
Monitor 15 85000 ± 9900 336 ± 25 115000 ± 13800 110 ± 9
Monitor 16 109000 ± 10400 408 ± 29 160000 ± 16700 158 ± 13
Monitor 17 115000 ± 10500 448 ± 32 166000 ± 17000 163 ± 13
Monitor 18 97000 ± 11700 415 ± 30 143000 ± 18300 155 ± 13
Pool guardian 1 67000 ± 6900 230 ± 18 367 ± 27 93000 ± 10500 < 60 90 ± 8
Pool guardian 2 91000 ± 9500 330 ± 25 524 ± 38 118000 ± 12400 110 ± 9 174 ± 14
Pool guardian 3 82000 ± 9400 278 ± 21 456 ± 33 108000 ± 13000 90 ± 8 146 ± 12
Average values 83000 ± 14000 313 ± 72 450 ± 94 117000 ± 21000 120 ± 25 139 ± 44
Outdoor pool
Monitor 1 130000 ± 14000 n.d.b < 30 109000 ± 12000 n.d. n.d.
Monitor 2 142000 ± 15000 < 30 42 ± 4 113000 ± 13200 n.d. n.d.
Monitor 3 153000 ± 17000 41 ± 4 54 ± 5 118000 ± 14500 n.d. n.d.
Pool guardian 2 166000 ± 16000 60 ± 5 78 ± 7 133000 ± 14000 n.d. n.d.
Average values 148000 ± 15000 51 ± 13 58 ± 18 118000 ± 11000
a ± Standard deviation, n  = 18 for water and n  = 5 for urine.
b n.d., not detected.
Table 2. HAA concentrations (ng/L) found in indoor and outdoor swimming pool waters and in workers´
urine during their work shifta
DCAA TCAA
Pool water Urine (2 h work shift)
Urine (4 h 
work shift) Pool water
Urine (2 h 
work shift)
Urine (4 h 
work shift)
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increased 1.4 and 1.3 times, respectively, with respect to the concentrations 
found after 2 h of exposure. As can be observed in Table 2, the highest HAA 
concentrations found in urine in each session are related to the highest levels in 
the pool water. However, for monitors 3, 13, and 18, HAA levels in their urine 
were slightly greater than foreseeable because these monitors worked with 
children who demonstrated higher overall physical-activity intensity in the pool 
which thus increased their HAA uptake.31 On the other hand, none of the HAAs 
were detected in the urine of either receptionists or the maintenance technician 
after their work shift, either because the attendant’s room was completely 
separated from the swimming hall (in the case of the receptionist) or the fact 
that the maintenance technician only actually worked in the swimming pool 
installation for a few minutes as he often had to leave to work in other areas of 
the installations. None of the workers were in physical contact with the pool 
water during their work shift so HAA uptake was mainly related to inhalation 
(although some dermal absorption could take place because they were wearing 
swimsuits) in the pool installation. On the other hand, HAA uptake in the 
outdoor pool was negligible although HAA concentrations in pool water were 
similar to or higher than those found in indoor pool water; only DCAA was 
found in some workers’ urine samples but at low levels (average value, 51–58 
ng/L). Therefore HAA uptake in workers at the indoor pool is much higher 
than that found in workers at the outdoor pool despite the fact that the outdoor 
pools generally had higher levels of HAAs than the indoor pools. This can be 
ascribed to the fact that HAAs were aerosolized and accumulated into the air of 
the indoor pool installation, whereas they were probably dissipated in the air 
around outdoor pools, so that pool worker inhalation was much less than in 
indoor pools. 
The mean values of TCAA, DCAA, and MCAA in swimming pool water 
and in swimmers’ urine after 1 h swimming in the indoor and the outdoor pools 
are listed in Table 3. HAA concentrations in outdoor pool water were higher 
than that in the indoor pool. In all cases HAAs were undetected in urine 
samples from swimmers before exposure, and the same was found in workers. 
After  1 h  swimming  in  the  indoor  pool,  urine  samples  of  adults  contained 
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average concentrations of 4390, 2294, and 558 ng/L for TCAA, DCAA, and 
MCAA, respectively. MCAA was not detected in swimmers 12 and 13 in the 
sessions with the lowest MCAA concentrations in the pool water. A different 
HAA uptake was observed in swimmers’ urine with respect to swimming pool 
workers. Thus, the HAA uptake of swimmers after 1 h swimming is much 
higher than that of workers after a 4 h work shift (for DCAA and TCAA in the 
indoor pool, the concentrations excreted were 7 and 37 times higher in the 
swimmers and up to 100 times higher for DCAA in the outdoor pool) due to the 
greater uptake of polar molecules as HAAs took place through the accidental 
ingestion of pool water. It can also be observed in Table 3 that the average 
Pool water Urine Pool water Urine Pool water Urine
Indoor pool
Swimmer 1 113000 ± 14200 4630 ± 335 77000 ± 9300 2280 ± 164 32000 ± 4100 600 ± 59
Swimmer 2 113000 ± 14200 5330 ± 380 77000 ± 9300 2565 ± 183 32000 ± 4100 675 ± 67
Swimmer 3 118000 ± 12800 5350 ± 382 91000 ± 9500 3045 ± 213 33000 ± 3800 725 ± 72
Swimmer 4 118000 ± 12800 4935 ± 356 91000 ± 9500 2790 ± 200 33000 ± 3800 670 ± 66
Swimmer 5 101000 ± 11800 4430 ± 320 75000 ± 8500 2330 ± 165 25000 ± 3000 515 ± 51
Swimmer 6 101000 ± 11800 3890 ± 286 75000 ± 8500 2030 ± 145 25000 ± 3000 445 ± 46
Swimmer 7 125000 ± 13400 5775 ± 410 90000 ± 8900 2940 ± 210 36000 ± 4000 750 ± 74
Swimmer 8 98000 ± 11000 5220 ± 365 70000 ± 7100 2740 ± 197 15000 ± 1700 460 ± 45
Swimmer 9 102000 ± 11400 3100 ± 228 84000 ± 8700 1760 ± 128 27000 ± 3200 360 ± 37
Swimmer 10 102000 ± 11400 3185 ± 235 84000 ± 8700 1835 ± 133 27000 ± 3200 380 ± 39
Swimmer 11 112000 ± 14200 4540 ± 328 69000 ± 8000 1970 ± 143 30000 ± 3900 560 ± 56
Swimmer 12 93000 ± 10500 3640 ± 267 67000 ± 6900 1930 ± 140 11000 ± 1400 n.d.b
Swimmer 13 93000 ± 10500 3040 ± 225 67000 ± 6900 1610 ± 118 11000 ± 1400 n.d.
Average values 107000 ± 10000 4390 ± 937 78000 ± 9000 2294 ± 481 26000 ± 8500 558 ± 137
Child 1 125000 ± 13400 6740 ± 480 90000 ± 8900 3760 ± 265 36000 ± 4000 860 ± 84
Child 2 93000 ± 10500 7055 ± 485 67000 ± 6900 3530 ± 255 11000 ± 1400 < 330
Child 3 112000 ± 14200 6690 ± 485 69000 ± 8000 3280 ± 239 30000 ± 3900 880 ± 86
Child 4 85000 ± 8700 6755 ± 480 60000 ± 5600 3640 ± 254 8500 ± 900 < 330
Child 5 107000 ± 13000 5570 ± 410 71000 ± 9000 2600 ± 187 18000 ± 2400 n.d.
Child 6 107000 ± 13000 3740 ± 280 71000 ± 9000 1800 ± 132 18000 ± 2400 n.d.
Average values 105000 ± 14000 6092 ± 1261 71000 ± 10000 3102 ± 760 20000 ± 11000 870 ± 14
Outdoor pool
Swimmer 1 123000 ± 13400 5230 ± 372 162000 ± 15800 5540 ± 380 26000 ± 3000 560 ± 55
Swimmer 2 123000 ± 13400 4810 ± 345 162000 ± 15800 5120 ± 352 26000 ± 3000 510 ± 51
Swimmer 3 146000 ± 17600 5500 ± 392 170000 ± 19500 5600 ± 385 33500 ± 4200 740 ± 73
Swimmer 4 146000 ± 17600 6000 ± 428 170000 ± 19500 6150 ± 420 33500 ± 4200 790 ± 78
Swimmer 5 99000 ± 11700 3940 ± 288 135000 ± 14000 4440 ± 312 19500 ± 2300 < 330
Swimmer 6 99000 ± 11700 3400 ± 250 135000 ± 14000 3700 ± 263 19500 ± 2300 n.d.
Swimmer 7 119000 ± 14000 4945 ± 356 150000 ± 18200 5000 ± 343 23000 ± 3000 450 ± 45
Swimmer 8 119000 ± 14000 4230 ± 305 150000 ± 18200 4280 ± 297 23000 ± 3000 430 ± 43
Average values 122000 ± 18000 4757 ± 857 154000 ± 14000 4979 ± 802 25500 ± 5500 580 ± 151
a ± Standard deviation, n  = 18 for water and n  = 5 for urine.
b n.d., not detected.
Table 3. HAA concentrations (ng/L) found in indoor and outdoor swimming pool waters and in swimmers´ urine
after 1 h swimminga
TCAA DCAA MCAA
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values of HAA concentrations in children were greater that in adults because 
they ingested higher volumes of water. There are not significant differences 
between the 6 and 12 year-old children. With respect to the HAA concentrations 
found in swimmers’ urine after exposure in the outdoor pool, it is observed that 
they were parallel in their concentrations in pool water since the main route of 
exposure was ingestion. For these reasons, there are no significant differences 
between swimmers’ urine in indoor and outdoor pools since the uptake is 
directly related to the levels of HAAs in the pool water. Again it is 
demonstrated that the exposure of swimmers in the outdoor pool is much 
greater than that of the workers since, in the former, TCAA, DCAA, and MCAA 
were present in their urine samples, whereas in the workers only DCAA was 
detected in some subjects. There were no meaningful differences between HAA 
concentrations in urine samples of swimmers in both pools considering their 
physical characteristics (sex, age, weight, and height). 
As HAA concentrations in the air depend on those found in the pool 
water, the possible urine-water correlation for HAAs has been studied. A 
comparison between DCAA and TCAA concentrations in workers’ urine (after 2 
h of exposure in the indoor pool) and TCAA, DCAA, and MCAA in swimmers’ 
urine (after 1 h of bathing in indoor and outdoor pools) and HAA 
concentrations in each pool water was carried out through their lineal 
relationships. A good correlation between urine and water sample levels was 
obtained in all cases. However, the correlations in swimmers were lower 
(average correlation coefficient for TCAA, DCAA and MCAA, r ∼0.81) than 
those found in workers (average correlation coefficient for DCAA and TCAA, r 
∼0.95) due to the different exposure routes, which is more variable during the 
ingestion step in swimmers. To date there is no information about these studies, 
so it is impossible to establish any comparisons. 
4. Associated content 
(*) Supporting Information. Sampling protocols of urine and pool water 
samples, detailed information about procedures and foundation of the HS–GC-
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MS method, subject characteristics and work shifts of pool workers (Table S1), 
and the kinetic curves corresponding to the excretion of HAAs (Figures S1 and 
S2). This material is available free of charge via the Internet at 
http://pubs.acs.org. 
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Sampling. Urine samples from workers were collected at the beginning, in the 
middle and at the end of the work shift, at 2 h intervals. Urine from swimmers 
was collected 20–30 min before and after the swim or remaining in the 
water/ambient air without carrying out any physical activity. In all cases, 
samples were collected in an area separated from the site of exposure in order to 
avoid the risk of contamination; a bottle was given to every volunteer before 
entering the bath. The swimmers dried themselves properly before urinating to 
avoid contaminating the urine with swimming pool water. The volunteers of 
this work were asked to consume drinks or foods that could contain DBPs 
(drinks or foods make with tap water) the day that the experiment took place. 
The individuals were provided with mineral water free of DBPs (2 liter bottles) 
and they only drank this water during the experiment. The mineral water that 
was consumed by the participants was analyzed previously and no DBPs were 
found in any of the samples. In all the experiments, any subjects who did not 
follow the established sampling protocol were discarded. Samples were 
collected in sterilized hermetically closed polyethylene bottles of 100 mL, 
transported to the laboratory in a portable freezer and immediately analyzed 
after collection or stored at 4 ºC up to 8 h. When the time between sample 
collection and analysis exceeded 8 h, samples were stored at −20  ºC up to 60 
days (20). The frozen samples were left at room temperature until completely 
thawed, gently mixed, filtered through a 0.45 μm cellulose filter (Millipore 
Ibérica, Spain) and analyzed in quintuplicate (n = 5). 
During each session (lasting 1−4 h), 9 positions of the pool at 3 different 
depths (ca. 0.25, 1.00 and 1.75 m) were sampled (n = 27). The mean value of the 
twenty 7 samples was considered as representative of the HAA concentrations 
in the swimming pool water in each session. Water samples were collected in 
125 mL amber glass bottles with PTFE screw caps, spiked with 1.6 g of 
ammonium sulfate for quenching residual chlorine. Samples were placed in a 
portable freezer, transferred to the laboratory and analyzed directly or stored at 
4 ºC until analysis, which was carried out no later than 48 h after sampling to 
avoid storage degradation.23 
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Methods. Determination of HAAs in urine samples was carried out by a 
method already described in a previous study,20 in which 12 mL of filtered urine 
sample was transferred in 20 mL glass vials containing 6 g of Na2SO4 to saturate 
the sample. Then, 100 μL of a 0.5 mol/L concentration of TBA–HSO4, 120 μL of 
DMS, 20 μg/L of 1,2–dibromopropane (IS) and 200 μL of n-pentane were 
sequentially added and the vials immediately sealed and vortexed for 3 min. 
Finally, the vial was placed in the autosampler carousel of the HS–GC/MS and 
introduced in the HS oven where the sample was then heated at 70 ºC with 
mechanical agitation for 20 min. The method is based on a liquid–liquid 
microextraction/methylation process for HAAs via the formation of an ion-pair 
followed by derivatization and extraction.23 In the chemical system under 
consideration, haloacetic acids (R–COOH) are converted in situ, into the 
corresponding anion, in aqueous medium, producing an ion pair with TBA-
HSO4 (R–COO− N+–R4'), which can cross the liquid–liquid interface due to the 
lipophilicity of tetrabutylammonium cation, diffusing from the interface into the 
organic phase. Next, it reacts with dimethylsulfate, (CH3)2SO4, to produce 
methyl haloacetates in the organic phase and the free cation is then transferred 
to the aqueous phase. Finally, the esters and the organic phase (extract) were 
completely volatilized in the HS oven. For quantitative analysis, urine samples 
containing between 0.03 and 10 μg/L of each HAA were prepared by spiking a 
pool of urine samples from subjects unexposed (free of HAAs) with freshly 
prepared standard solutions. The limit of detection (LOD) thus obtained ranged 
from 0.01 to 0.1 μg/L (except for TBAA, 0.4 μg/L) and the relative standard 
deviation (RSD, expressed as repeatability) was 8 ± 2%, from 11 samples 
containing 2 μg/L of each compound. 
The method used for HAA determination in water was also similar to 
other previously reported,23 in which 10 mL of water sample and 20 μg/L of 
1,2–dibromopropane (IS) were placed in a 20 mL glass vial containing 5 g of 
Na2SO4. Then, the reagents (125 μL of a 0.05 mol/L TBA–HSO4, 100 μL of DMS, 
and 150 μL of n-pentane) were added sequentially and the vial was sealed and 
stirred for 3 min and then placed in the autosampler carousel. Finally, the vial 
was introduced in the HS oven where the sample was heated at 60 ºC with 
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mechanical agitation for 20 min in order to evaporate the n-pentane containing 
the HAA methyl esters and the HAAs were determined by GC-MS. For 
calibration, 10 mL of mineral water (free of DBPs) samples containing between 
0.1 and 300 μg/L of each HAA were prepared as described above. The LOD 
ranged from 0.02 to 0.4 μg/L and the RSD was 7 ± 2%, from 11 samples 
containing 3 μg/L of each haloacetic acid. 
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Monitor 1 male 36 84 1.74 4
Monitor 2 female 37 56 1.64 4
Monitor 3 male 27 74 1.74 4
Monitor 4 male 46 72 1.77 4
Monitor 5 male 23 68 1.83 4
Monitor 6 female 27 63 1.64 4
Monitor 7 female 29 59 1.70 4
Monitor 8 male 31 69 1.78 4
Monitor 9 female 25 60 1.65 4
Monitor 10 female 42 59 1.63 4
Monitor 11 female 29 65 1.66 2
Monitor 12 male 43 80 1.74 2
Monitor 13 male 35 91 1.90 2
Monitor 14 female 28 58 1.68 2
Monitor 15 male 30 71 1.72 2
Monitor 16 male 33 70 1.70 2
Monitor 17 female 27 58 1.68 2
Monitor 18 male 31 85 1.89 2
Pool guardian 1 male 34 78 1.78 4
Pool guardian 2 female 37 75 1.72 4
Pool guardian 3 male 28 80 1.80 4
Receptionist 1 male 43 80 1.73 4
Receptionist 2 male 37 91 1.90 4
Maintenance technician male 44 93 1.87 1
Swimmer 1 female 28 45 1.50
Swimmer 2 female 25 60 1.65
Swimmer 3 female 24 58 1.65
Swimmer 4 female 23 51 1.71
Swimmer 5 female 46 66 1.66
Swimmer 6 male 26 88 1.90
Swimmer 7 male 38 76 1.75
Swimmer 8 female 24 54 1.63
Swimmer 9 male 20 69 1.68
Swimmer 10 male 21 74 1.75
Swimmer 11 male 22 73 1.70
Swimmer 12 female 24 60 1.60
Swimmer 13 female 21 68 1.67
Child 1 female 6 24 1.17
Child 2 female 6 20 1.12
Child 3 male 6 28 1.15
Child 4 male 13 54 1.60
Child 5 female 13 55 1.55
Child 6 female 12 45 1.53
Researcher 1 male 26 88 1.90 2.16
Researcher 2 male 26 74 1.75 1.90
Researcher 3 male 25 62 1.65 1.69
Researcher 4 female 24 58 1.65 1.64
Researcher 5 female 24 54 1.70 1.60
Researcher 6 female 28 45 1.50 1.38
Table S1. Subject characteristics and work shifts of pool workers
Total surface 
area (m2)
Work shift 
(h)
Height     
(m)
Weight 
(kg)AgeSex
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Figure S1. Kinetic curves corresponding to the excretion of DCAA and TCAA 
in urine for monitor 17 after a 2 h work shift. 
 
Figure S2. Kinetic curves corresponding to the excretion of TCAA, DCAA and 
MCAA in urine for swimmer 4 after 1 h swimming. 
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En este Capítulo se abordan los objetivos específicos 2, 3, 5, y 6, 
correspondientes al desarrollo de métodos de microextracción en fase líquida y 
en fase sólida, así como al estudio de varios reactivos derivatizantes en medio 
acuoso y en medio orgánico, con vistas a simplificar el procedimiento de 
análisis y reducir el volumen de disolventes empleados con respecto a las 
técnicas convencionales, en línea con los principios de una “Química verde” o 
“Green Chemistry”. También se ha abordado uno de los ítems surgidos a lo 
largo de la Tesis, concerniente a la inclusión de los HAAs yodados en el estudio. 
En la primera parte de este Capítulo se han desarrollado y comparado 
varios métodos de miniaturización, tales como microextracción en fase sólida 
(SPME), y tres modalidades distintas de microextracción en fase líquida (SDME, 
HF–LPME y SBME). El objetivo principal ha sido llevar a cabo simultáneamente 
la extracción/derivatización de los HAAs en medio acuoso con vistas a agilizar 
el proceso y minimizar el número de etapas analíticas con respecto a los 
métodos convencionales propuestos en la bibliografía. De acuerdo al 
mecanismo propuesto en el Capítulo 3, en el que la derivatización ocurre en 
medio orgánico, en la modalidad de espacio de cabeza de estas técnicas el n-
pentano añadido a la muestra acuosa, sigue actuando como modificador 
orgánico para favorecer la volatilización de los ésteres. 
En primer lugar se estudió la SPME en la modalidad de espacio de 
cabeza y se llevó a cabo un estudio de fibras de diferentes polaridades, con 
vistas a elegir la más adecuada para este tipo de compuestos. Se seleccionó la 
fibra de CAR–PDMS, la cual proporcionó los mejores resultados en términos de 
sensibilidad y vida media. Hay que tener en cuenta los problemas que presenta 
la fase de la fibra asociados a la volatilización de los disolventes presentes en el 
medio (DMS y n-pentano) que compiten con los HAAs por los sitios activos de 
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la fibra y además la deterioran, originando picos de sangrado en el 
cromatograma que dificulta la detección de los analitos. Debido a estos 
problemas este método no proporciona la sensibilidad adecuada para su 
aplicación a agua de grifo. 
La primera técnica de LPME ensayada fue la SDME en la modalidad de 
espacio de cabeza. La gota de extractante (1-octanol) se cae del extremo de la 
aguja de la jeringa cuando se calentó el vial para la derivatización (45 ºC), 
debido a la evaporación de los disolventes presentes en la muestra acuosa. Para 
solventar este problema se ensayó otra modalidad en la que la gota estuviera 
protegida por una membrana hueca, HF–LPME. En este caso los disolventes 
presentes en la muestra (reactivo derivatizante y modificador) atraviesan la 
membrana y se mezclan con el extracto, incrementando su volumen, con la 
consiguiente dilución de los analitos, por lo tanto también se descartó. 
Finalmente se optó por estudiar la modalidad SBME, en la que el disolvente se 
encuentra confinado en una membrana hueca sellada por ambos extremos que 
se introduce en la disolución a modo de barra agitadora para llevar a cabo la 
extracción. En este caso se obvia la adición del modificador (n-pentano) dado 
que se trata de una extracción líquido-líquido con membrana soportada y no 
tiene lugar la volatilización de los ésteres. Se ensayaron alternativas a los 
disolventes orgánicos comúnmente empleados en LPME con objeto de 
encontrar un extractante que minimizara los problemas relacionados con la 
columna del cromatógrafo de gases y la fuente del espectrómetro de masas ya 
que se ensucian rápidamente cuando se trabaja con disolventes con puntos de 
ebullición muy elevados, como es el caso del 1-octanol (~200 ºC). El decano 
(punto de ebullición, ~170 ºC)  proporcionó los mejores resultados en términos 
de porcentaje de recuperación para los 9 HAAs y además minimizó los 
problemas asociados al 1-octanol. En este método no se calienta la muestra para 
evitar la volatilización de los ésteres, pero esto conlleva un tiempo de extracción 
muy largo (60 min). 
Durante el desarrollo de la Tesis Doctoral aparecen las primeras 
publicaciones de artículos científicos en los que se revela la presencia de HAAs 
yodados en las aguas tratadas (ácidos monoyodoacético, cloroyodoacético, 
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bromoyodoacético y diyodoacético), así como la mayor toxicidad respecto a sus 
homólogos clorados y bromados. Tres de estas especies (ácidos 
cloroyodoacético, bromoyodoacético y diyodoacético) no están disponibles en 
casas comerciales asequibles y sólo es posible obtenerlas a través de un 
laboratorio canadiense que los sintetiza bajo pedido. Por ello en la segunda 
parte de este Capítulo se incluye especies yodadas junto con sus homólogos ya 
estudiados. En esta parte del Capítulo también se han evaluado las 
posibilidades de la MLLE como técnica de microextracción, establecida 
previamente en nuestro grupo de investigación para otros DBPs. Esta técnica se 
basa en la miniaturización de la LLE convencional reduciendo tanto como sea 
posible el volumen de extractante mientras asegura una extracción simple y 
exhaustiva (a diferencia de las técnicas de LPME, que no son exhaustivas). 
Además se ha llevado a cabo un estudio riguroso de los reactivos derivatizantes 
más comunes empleados para la derivatización de los HAAs (metanol-ácido 
sulfúrico y DMS) tanto en medio orgánico como en medio acuoso. En primer 
lugar se ensayó la extracción/derivatización simultánea de los HAAs con DMS 
como reactivo derivatizante, TBA–HSO4 como un agente de transferencia de 
fase y n-hexano como extractante (reacción propuesta en el Capítulo 3). El DMS 
extraído en n-hexano interfirió en la separación de los HAAs en el 
cromatograma y por lo tanto se descartó como reactivo derivatizante. En 
segundo lugar se estudió la extracción de los HAAs en MTBE y su posterior 
derivatización con metanol-ácido en medio orgánico. Este procedimiento no 
presenta ventajas sustanciales con respecto a los métodos de la U.S. EPA en lo 
que se refiere a número de etapas y tiempo de reacción, por lo tanto también se 
descartó. Finalmente se ensayó la derivatización con metanol-ácido en medio 
acuoso y posterior extracción de los derivados en MTBE, que ofrece los mejores 
resultados en términos de sensibilidad y rapidez del método (2 min de 
derivatización). La eficiencia de la reacción de metilación se ha mejorado 
empleando energía de ultrasonidos. Este método de MLLE presenta la ventaja 
de que todo el extracto puede inyectarse en el inyector de elevados volúmenes y 
temperatura programable sin generar apenas residuos. Además, la inyección de 
un gran volumen de extracto (~50 µL) en este inyector permite reducir los LODs 
de manera considerable. 
Capítulo 4 
 
148   
 
 
 
 
 
 
 
 
 
 
 
149 
 
 
Optimisation and comparison of several 
microextraction/methylation methods for determining 
haloacetic acids in water using gas chromatography 
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Spain 
Abstract 
This article presents the different modes and configurations of liquid-
phase microextraction (LPME) through comparison with headspace solid-phase 
microextraction (HS–SPME) for the simultaneous extraction/methylation of the 
9 haloacetic acids (HAAs) found in water. This is the first analytical case 
reported of solvent bar extraction-preconcentration-derivatization assisted by 
an ion-pairing transfer for HAAs. In this method, 5 μL of the organic extractant, 
decane, was confined within a hollow-fiber membrane that was placed in a 
stirred aqueous sample containing the derivatizing reagents (dimethylsulfate 
with a tetrabutylammonium salt). With heating at 45 °C in the HS–SPME 
method, some organic solvents (extractant, excess of derivatizing reagent) are 
also volatilized and compete with the esters on the fiber (the fiber is damaged 
and it can be reused only 50–60 times). In addition, the HS–SPME method 
provides inadequate sensitivity (limits of detections between 0.3 and 5 μg/L) to 
quantify HAAs at the level usually found in drinking waters. Alternative 
headspace LPME methods for HAAs require heating (45 °C, 25 min) to 
derivatize and volatilize the esters but, by using solvent bar microextraction 
(SBME), the extraction/methylation takes place at room temperature without 
degradation of HAAs to trihalomethanes. Adequate precision (relative standard 
deviation of approximately 8%), linearity (0.1–500 μg/L) and sensitivity (10 
times higher than the HS–SPME alternative) indicate that the SBME method can 
be a candidate for routine determination of HAAs in tap water. Finally, the 
SBME method was applied for the analysis of HAAs in tap and swimming pool 
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water and the results were compared with those of a previous validated 
headspace gas chromatography–mass spectrometry method. 
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1. Introduction 
Water disinfection is one of the most important public health advances 
of the last century; its introduction in the USA reduced the incidence cholera by 
90%, that of typhoid by 80% and that of amoebic dysentery by 50%.1 
Trihalomethanes (THMs) constitute the major fraction of volatile chlorination 
byproducts, whereas haloacetic acids (HAAs) represent a major class of 
nonvolatile chlorination ones.2 Exposure to these compounds is associated with 
the development of cancer in both laboratory animals3 and humans.4 The U.S. 
Environmental Protection Agency (U.S. EPA) has set a maximum contaminant 
level of 60 μg/L for the sum of concentrations of 5 HAAs in water.5 HAAs are 
generally difficult to determine because of their strong acidic and hydrophilic 
character. Methods that do not require derivatization include liquid 
chromatography6,7 and capillary electrophoresis,8 although most of the methods 
reported to date involve chemical derivatization followed by gas 
chromatography (GC) with electron capture detection9–14 or mass spectrometry 
(MS) detection.12,15–18 After the isolation of HAAs through liquid–liquid 
extraction or solid-phase extraction, derivatization in an organic medium is 
carried out by using different reagents, such as BF3–methanol,12 diazomethane15 
or acid–alcohol.9–11,13,14,17 Among these, Fisher esterification (acid–alcohol), 
recommended by U.S. EPA methods,9,10 is the most common reaction used in 
the derivatization step. HAAs can be derivatized in aqueous medium by using 
an ion-pairing agent.16,18 The headspace (HS) technique has also been used for 
the determination of HAAs after derivatisation,13,16,18 but it requires harsh 
conditions and will lead to the formation of THMs by decarboxylation.16 
Recently, we have developed an HS–GC–MS method that combines 
simultaneous liquid–liquid microextraction and methylation of the 9 HAAs in 
water.19 
To overcome problems such as large solvent consumption, labor-
intensive operations and cost, recent research activities have been oriented 
toward the development of miniaturized sample preparation techniques such as 
solid phase microextraction (SPME)20 and liquid-phase microextraction 
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(LPME).21 SPME has emerged as a versatile solvent-free alternative to 
conventional liquid–liquid extraction and solid phase extraction procedures. 
SPME is a simple approach involving the partitioning of the analytes between 
the fiber coating and the sample matrix.11,13,17,18 The only HS–SPME method 
described to date for the determination of the 9 HAAs required 40 min (55 °C) 
per analysis, but it provided very low detection limits (LODs) between 0.01 and 
0.45 μg/L.18 Basically, LPME can be carried out in two ways, namely when the 
extractant is in the form of a single drop affixed to the tip of a syringe needle, 
known as a single-drop microextraction (SDME), and when the extraction 
medium is held in a porous polymeric hollow fiber, termed hollow-fiber-
protected LPME (HF–LPME).22,23 Additional progress has been made in terms of 
more efficient and faster extraction, such as solvent bar microextraction 
(SBME),24 as well as microextraction combined with derivatisation.25,26 LPME 
methods have rarely been used to determine HAAs. A supported liquid 
membrane method with liquid chromatography7,27 has been proposed for the 
determination of the 9 HAAs in water, providing LODs of 0.02–2.69 μg/L and 
low precision [relative standard deviation (RSD), 1.5–10.8%]. To date, only two 
GC–LPME methods have been proposed for the determination of only 6 
HAAs.14,28 
In the first method, the HAAs are derivatized directly in the water 
sample with acidic methanol and are simultaneously extracted with supported 
HF–LPME in HS mode, using 1-octanol as the extracting solvent at 55 °C for 60 
min (LODs range from 1 to 18 μg/L with RSD less than 12%).14 The other 
method is the more recent and HAAs were derivatized during the extraction in 
the solvent drop and, after extraction, in a microvial at 100 °C for 20 min;28 n-
octanol was used as the extractant/derivatizing reagent and trifluoroacetic 
anhydride was used as a reaction catalyst, and in this case lower LODs (0.1–1.2 
μg/L) were obtained with better precision (RSD, 5.1–8.5%). However, molecular 
ions of n-octyl derivatives were not observed in the mass spectra since all the 
derivatives showed [M–157]+ peaks that resulted from loss of the octyl ester 
moiety; thus, identification of the derivatives is difficult. On the other hand, 
when 1-octanol is employed as the extractant, several problems occur, as much 
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in the chromatographic column as in the ionization source of the mass 
spectrometer, owing to the high boiling point (approximately 200 °C) of 1-
octanol. 
As outlined above, the methods developed to date for the determination 
of HAAs by GC require derivatization under harsh conditions (viz. 20–120 min, 
45–100 °C), which favors the degradation of HAAs to their respective 
halogenated hydrocarbon (THMs), which are also found as disinfection 
byproducts (DBPs) in drinking waters. Furthermore, we demonstrated that 
aliquots of organic solvents increased the derivatization yields of the HAAs as 
well as minimizing their decomposition to THMs.19 From that premise, the aims 
of this research were twofold: to study in parallel the possibilities of two 
microextraction methods based on SPME and LPME techniques, where HAAs 
were extracted and derivatized simultaneously under mild conditions, and to 
select an extractant in the LPME approach with better GC–MS behavior than 1-
octanol. In both methods the advantages of the direct and HS modes were 
evaluated. 
2. Experimental 
2.1. Reagents and materials 
All HAAs [monochloroacetic acid (MCAA), monobromoacetic acid 
(MBAA), dichloroacetic acid (DCAA), dibromoacetic acid (DBAA), 
bromochloroacetic acid (BCAA), trichloroacetic acid (TCAA), tribromoacetic 
acid (TBAA), bromodichloroacetic acid (BDCAA) and dibromochloroacetic acid 
(DBCAA)] as well as their respective methyl esters and the internal standard 
1,2-dibromopropane were purchased from Sigma-Aldrich (Madrid, Spain). The 
derivatization reagent, dimethylsulfate (DMS), the ionpairing agent, 
tetrabutylammonium hydrogen sulfate (TBA–HSO4), anhydrous sodium sulfate 
and the dechlorinating agent, ammonium sulfate, were obtained from Fluka 
(Madrid, Spain). The derivatization reagent as well as some HAAs are 
suspected carcinogens or are toxic and were handled in accordance with 
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instructions in current material safety data sheets. All solvents, including 1-
butanol, 1-octanol, decane, 1-hexanol, n-pentane and methyl tert-butyl ether 
(MTBE), were supplied by Merck (Darmstadt, Germany). Stock standard 
solutions containing 1 g/L of each HAA and its methyl ester were prepared in 
MTBE and stored frozen in amber glass vials at –20 °C. More dilute cumulative 
solutions were prepared daily in 2 mL of MTBE and were further diluted in 
mineral water (free of DBPs) at the microgram-per-liter level. 
SPME experiments were performed with a manual fiber holder provided 
with different fibers, namely poly(dimethylsiloxane) (PDMS), 100 μm, 
polyacrylate (PA), 85 μm, Carboxen–PDMS (CAR–PDMS), 75 μm, and 
Carbowax– templated resin (CW–TPR), 50 μm, all purchased from Supelco 
(Bellefonte, PA, USA). Before use, each fiber was conditioned for 5 min in a 
heated gas chromatograph split/splitless injection port under helium flow 
according to the manufacturer′s instructions. 
SBME experiments were performed with an Accurel Q3/2 
polypropylene hollow-fiber membrane obtained from Membrana (Wuppertal, 
Germany). The inner diameter of the fiber was 600 μm, the wall thickness was 
200 μm and the average pore size was 0.2 μm (70% porosity). The hollow-fiber 
membrane was cut manually into 3.0-cm lengths, ultrasonically cleaned in 
acetone and dried in air before use.24 
2.2. Instruments 
SPME and LPME analyses were done by using a Fisons 8000 GC 
instrument interfaced to a Voyager mass spectrometer and controlled by a 
computer running MASSLAB (Thermo, Madrid, Spain). The gas-
chromatographic separation was achieved on a 30 m × 0.25 mm inner diameter, 
0.25 μm film TRB-5 capillary column coated with a stationary phase consisting 
of 5% phenylmethylpolysiloxane and supplied by Teknokroma (Barcelona, 
Spain). The chromatographic conditions were as follows: inlet temperature, 250 
°C; inlet mode, split operation with split ratio 1:20; oven temperature, 40 °C (3 
min), raised to 75 °C at 5 °C/min (15 min), then increased to 100 °C at 5 °C/min 
(5 min), and finally to 250 °C at 25 °C/min (8 min); column flow, constant flow 
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of 1 mL/min, using helium (6.0 grade purity, Air Liquid, Seville, Spain) as the 
carrier gas; injection volume, 1 μL. The mass spectrometer was used in the 
following conditions: ion source temperature, 250 °C; transfer line temperature, 
270 °C; electron impact ionization mode at 70 eV; scan range from m/z 45 to m/z 
255; the time for solvent delay was set to 3 min. Optimization experiments were 
conducted in total ion chromatography mode at 3.5 scans per second. 
Quantification of HAA methyl esters was performed in selected ion monitoring 
mode. The following m/z values were selected for each compound (the base 
peaks used for quantification are boldfaced): 59, 79, 108 (MCAA); 59, 93, 95 
(MBAA); 59, 83 85 (DCAA); 59, 117, 119 (TCAA); 59, 127, 129 (BCAA); 59, 171, 
173 (DBAA); 59, 161, 163 (BDCAA); 59, 207, 209 (DBCAA); 59, 251, 253 (TBAA); 
42, 123, 121 (1,2-dibromopropane, the internal standard). For SPME experiments 
the inlet temperature was varied according to each fiber: 230 °C for CW–TPR, 
250 °C for PDMS, 260 °C for CAR–PDMS and 290 °C for PA. 
The determination of HAAs by HS–GC–MS was performed with an HP 
7694 HS autosampler and an HP 6890 N gas chromatograph (Agilent 
Technologies, Palo Alto, CA, USA) equipped with an HP 5973 N mass selective 
detector. The autosampler consists of an oven, to heat up to 6 vials, a carousel 
(with capacity for 44 vials) equipped with a robotic arm, and a six-port-injection 
valve with a 3-mL loop. The operating conditions for the HS autosampler were 
as follows: vial equilibration time, 20 min; oven temperature, 60 °C; vial 
pressurization time, 30 s; loop fill time, 3 s; valve/loop temperature, 90 °C. 
Helium, regulated with a digital pressure and flow controller, was used both to 
pressurize vials and to transfer the loop content to the injection port of the gas 
chromatograph via a transfer line at 100 °C. The chromatographic column, 
temperature programme and mass spectrometer (with the exception of the 
source and quadrupole temperatures, which were maintained at 230 and 150 °C, 
respectively) conditions were the same as in the method described above. Total 
ion current chromatograms were acquired and processed using the G1701DA 
D.01.02 standalone data analysis software program (Agilent Technologies) on a 
Pentium IV computer that was also used to control the whole system. 
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2.3. Sampling procedure 
Water samples were collected in amber glass bottles of 125 mL with 
poly(tetrafluoroethylene) screw caps, to which 1.6 g of ammonium sulfate, as 
the quenching reagent of residual chlorine, was added. In the laboratory, the 
samples were stored at 4 °C and analyzed within 2 days after collection. If the 
time between sample collection and analysis exceeded 2 days, samples were 
stored at –20 °C for up to 30 days. For analysis, 10 mL of water sample 
(prepared as described later) was placed in 20-mL (HS–SPME method) or 15-mL 
(SBME method) glass vials. 
2.4. HS–SPME procedure 
The CAR–PDMS fiber was thermally cleaned daily at 260 °C for 1 min. 
Samples were sequentially prepared in 20-mL glass vials as follows: 10 mL of 
water sample or mineral water (free of DBPs) containing between 1 and 3,000 
μg/L of each HAA, 20 μg/L of 1,2-dibromopropane (internal standard), 5 g of 
Na2SO4 (3.5 M), 125 μL of a 0.05 mol/L concentration of the ion pairing agent 
(TBA–HSO4, 6.3 μmol as aqueous solution), 60 μL of derivatization reagent 
(DMS, 0.66 mmol) and 60 μL of n-pentane. The vial was immediately sealed, 
maintained at 45 °C, stirred at 900 rpm and a CAR–PDMS fiber was exposed to 
the HS above the aqueous solution for 25 min. Finally, the fiber was desorbed at 
260 °C in the injection port of the gas chromatograph for 2 min. 
2.5. SBME procedure 
Ten-milliliter water samples or mineral water containing between 0.1 
and 500 μg/L of each HAA, 20 μg/L of internal standard, 125 μL of a 0.05 
mol/L concentration of TBA–HSO4 and 100 μL of pure DMS (1.1 mmol, i.e. high 
excess) were placed in a 15-mL glass vial containing 4 g of Na2SO4 (2.8 mol/L). 
The solvent bar containing 5 μL of decane was added together with a 2-cm 
magnetic stirrer for extraction/methylation. The vial was closed immediately 
with a screw cap and magnetically stirred at 700 rpm for 60 min at 25 °C. After 
extraction/methylation, one end of the bar was trimmed off, and a 1-μL aliquot 
of the extract was withdrawn into the syringe for injection into the gas 
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chromatograph. In each experiment, fresh fiber was used to overcome 
carryover. 
3. Results and discussion 
HAAs are thermally unstable compounds that could be degraded to 
their respective halogenated hydrocarbons by decarboxylation, this effect being 
more marked for trihaloacetic acids containing bromine since they are the most 
unstable ones. The problem is very important because both HAAs and their 
degradation products, THMs, are DBPs which can be present in treated waters. 
Thus, it is necessary to determine if the THMs were initially in the sample or 
formed from HAAs during the analysis. On the other hand, in a previous work19 
we demonstrated that the 9 HAAs can be quantified readily at the nanogram-
per-liter level in water after being simultaneously extracted/derivatized by HS–
GC–MS. A liquid–liquid microextraction stage with n-pentane increased the 
derivatization yields of the methyl haloacetates as well as minimizing their 
decomposition to THMs. In the chemical system under consideration, HAAs in 
an aqueous medium produce an ion pair with TBA–HSO4 which diffuses into 
the organic phase and which then reacts with DMS to produce methyl 
haloacetates in the organic phase, so the overall process can be regarded as 
phase transfer catalysis. As can be seen, the presence of n-pentane is 
fundamental for this reaction. 
3.1. Optimization of the HS–SPME method 
3.1.1. Extraction/methylation conditions 
Preliminary experiments were carried out using GC with MS detection, 
and samples were prepared similarly to an above-described method by HS–GC–
MS19 for 10 mL of aqueous standard solution containing 200 μg/L of each HAA, 
the derivatizing reagents (DMS and TBA–HSO4) and aliquots of n-pentane as 
extractant. Initially the SPME fiber selected was CAR–PDMS since it is 
recommended as the most suitable one in the only HS–SPME method proposed 
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for the 9 HAAs.18 Although the derivatization of HAAs was carried out in an 
aqueous medium, it is necessary to take into account the problem associated 
with the presence of organic solvents that come from the extractant (n-pentane) 
and the derivatizing reagent DMS since both compete with the active sites of the 
fiber, which can reduce the sorption of the analytes on the fiber as well as its 
lifetime. 
Therefore, the first variable tackled was the amount of n-pentane and 
DMS to decrease their volumes as much as possible without causing significant 
losses in the analytical signal. The volume of n-pentane varied between 0 and 
150 μL; magnetic stirring at 900 rpm was applied during 
extraction/methylation, exposing the fiber to the HS above the aqueous solution 
for 20 min at 50 °C. Numerous peaks from fiber bleeding were observed in the 
total ion current chromatogram and hindered the detection of HAA derivative 
peaks; thus, selective m/z values were chosen for each compound. MCAA, 
DCAA, TCAA, BCAA, DBAA, CDBAA, BDCAA and TBAA methyl esters were 
identified at m/z 59 whereas MBAA methyl ester, dibromochloromethane and 
bromoform were measured at m/z 95, 129 and 173, respectively. 
Figure 1 shows the influence of n-pentane in the extraction/methylation 
of the 9 HAAs. As can be observed in Figure 1A, in the absence of n-pentane 
only 5 HAA methyl esters (those of MCAA, MBAA, DCAA, TCAA and BCAA) 
were extracted along with THMs; these are not visualized in the chromatogram 
because they overlap with fiber bleeding. The addition of n-pentane increased 
the extraction yield of methyl haloacetates (Figure 1B) and also minimized their 
decomposition to THMs since their signals are barely observed in the 
chromatogram. The best results were obtained for 60 μL of organic solvent, 
above which the peak areas decreased for all compounds, probably owing to the 
fact that n-pentane was also sorbed on the fiber, thus hindering the sorption of 
the esters. The concentration of the derivatizing reagent was studied using 
amounts of pure DMS between 30 and 100 μL. In general, volumes of DMS 
between 50 and 70 μL gave satisfactory derivatization yields for the 9 HAA 
methyl esters; at lower volumes all compounds were not derivatized, but above 
70 μL the excess of DMS was extracted on the fiber appearing in the 
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chromatogram. To ensure complete extraction/methylation of the analytes 
without too much excess that can be sorbed on the fiber, 60 μL of both organic 
solvents was chosen as this provided longer fiber lifetimes. 
 
Figure 1. Gas chromatography–mass spectrometry (GC–MS) chromatograms for haloacetic acid 
methyl esters when using the headspace solid phase microextraction method without (A) and 
with 60 μL of n–pentane (B). (1) Monochloroacetic acid (MCAA), (2) monobromoacetic acid 
(MBAA), (3) dichloroacetic acid (DCAA), (4) trichloroacetic acid (TCAA), (5) bromochloroacetic 
acid (BCAA), (6) dibromoacetic acid (DBAA), (7) bromodichloroacetic acid (BDCAA), (8) 
dibromochloroacetic acid (DBCAA), (9) tribromoacetic acid (TBAA). 
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3.1.2. Fiber selection 
Four types of SPME fiber with different polarities were compared to 
obtain the highest extraction efficiency of the 9 HAA methyl esters without 
detriment to the lifetime of the fiber. An extraction time of 20 min and a 
desorption temperature within the recommended operating range for each fiber 
were selected, namely 220, 250, 280 and 290 °C for CW–TPR (polar), PDMS 
(nonpolar), CAR–PDMS (semipolar) and PA (polar) fibers, respectively. Owing 
to the presence of 60 μL of n-pentane and 60 μL of DMS, we decided to take into 
consideration supplier recommendations regarding the use of organic solvents 
with fibers, especially the ones concerned with the swelling of the PDMS 
coating when nonpolar solvents are used, resulting in damage to the fiber when 
it is retracted. 
The results showed that PDMS and CW–TPR fibers were not suitable 
because low recoveries (MCAA was undetected with PDMS fiber) of all HAA 
methyl esters were achieved; in addition, the PDMS fiber can only be reused 4 
to 6 times. Low recoveries for 4 HAAs methyl esters (those of DCAA, TCAA, 
BCAA and DBAA) were obtained with PA fiber and it can only be reused 5 to 7 
times. The best extraction efficiencies for HAAs were obtained using the CAR-
PDMS fiber, which was appropriate for extracting the 9 polar compounds (the 
recoveries were 1-10 times higher than those obtained with the CW-TPR fiber). 
This can be ascribed to the strong retention of the analytes in the pores of the 
CAR–PDMS polymeric phase; in addition, greater precision (RSD, 10%) and 
longer lifetime were obtained (each fiber can be reused 50–60 times). In terms of 
selectivity, it should be noted that some additional peaks (which increase with 
use) appeared in the chromatogram owing to the fiber but they did not interfere 
in analyte detection (see Figure 1B for a fiber reused 35 times). 
3.1.3. Effect of temperature and time on the extraction/methylation 
process 
The amount of analytes extracted in the SPME fiber was checked in the 
40–60 °C range. The temperature is related to the extraction/methylation yield 
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as well as to the distribution constant of the methyl haloacetates between the HS 
and the fiber coating. At 40 °C the extraction/derivatization process is not 
favored, whereas above 50 °C the n-pentane was volatilized, competing with the 
esters in the fiber and/or the affinity of the analytes for the fiber coating; as a 
consequence, the relative responses decreased. In addition, increasing the 
temperature also increased the degradation of the HAAs to THMs. Finally, 45 
°C was selected as an optimal compromise. 
The extraction time was critical to establish equilibrium between the 
sample and the SPME fiber. Two derivatives, MCAA and MBAA methyl esters, 
achieved equilibration in 10 min, but the other esters needed 15–25 min; so 25 
min was selected. Since the kinetics of the process is very important in HS–
SPME, and stirring aqueous samples can reduce the extraction time by 
enhancing the extraction/methylation process, we studied this variable between 
300 and 900 rpm. Above 700 rpm, similar responses were obtained for MCAA, 
MBAA, DCAA, BDCAA, BCAA and TBAA methyl esters, but for the other 
esters equilibrium was not reached at rates below 850 rpm, so a 900-rpm stirring 
speed was selected. The most significant variables are listed in Table 1. 
 
 
Variable
SBME HS-SPME HS-GC-MS
10 10 10
0.05 M TBA-HSO4 solution (µL) 125 125 125
100 60 100
decane (5) n -pentane (60) n -pentane (150)
4 5 5
25 45 60
60 25 20
TBA-HSO4, tetrabutylammonium hydrogen sulfate.
Extraction/methylation time (min)
Table 1. Operating conditions for solvent bar microextraction (SBME), headspace solid phase
microextraction (HS-SPME) and headspace gas chromatography–mass spectrometry (HS-GC-MS)a 
methods
Selected value
Sample volume (mL)
Extractant (volume in µL)
Extraction/methylation temperature (ºC)
Na2SO4 (g)
Dimethylsulfate (µL)
a Data taken from reference 19.
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3.1.4. Desorption conditions 
The last variables assayed were desorption time and temperature. 
Desorption times of 1–3 min and temperatures of 260–280 °C were tested. The 
results showed no differences in the peak areas of analytes between 260 and 280 
°C above 2 min without carryover; to decrease the degradation of the fiber with 
temperature, 260 °C and 2 min were used. 
3.2. Selection of the LPME method 
The first experiment was carried out using 10 mL of sample in vials of 20 
mL, containing 200 μg/L of each HAA, the salt, the derivatization reagents and 
n-pentane at the same volumes and concentrations as those optimized in the 
HS–SPME method. The only difference was that the fiber was replaced by a 
single drop of 1-octanol using a conventional microsyringe. Thus, it could be 
thought that HS–SDME provides a simple, inexpensive, fast and effective 
alternative to SPME for the extraction of derivatized HAAs. However, some 
practical considerations limit its application; these are mainly related to the 
stability of the solvent drop. The reason is due to some factors that are useful for 
increasing the extraction/methylation and volatilization efficiency, such as 
temperature (45 °C), exposure time (25 min) and the presence of n-pentane (60 
μL) and DMS (60 μL). In our HS–SDME method, the microdrop of 1 μL was 
dislodged if the sample was heated at 45 °C for more than 5 min. In these 
conditions, both the n-pentane phase and the DMS reagent were evaporated 
and combined with the microdrop of 1-octanol, increasing its volume to 
approximately 4 μL and causing its fall from the microsyringe. In this way, 
using 5 min of exposure, the efficiency of extraction/methylation is under 10%; 
thus, the analytical signal for all HAA methyl esters is of little significance. 
From the above data, we can deduct that this method is not suitable, so we 
opted for sandwiching the drop into a hollow fiber. 
In the HF–LPME method, the tip of the microsyringe serves to support 
the hollow fiber containing 3 μL of 1-octanol which was exposed to the HS of 
the sample also heated at 45 °C between 5 and 15 min. The derivatization 
efficiency of all HAAs increased when the methylation/extraction time in the 
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aqueous phase increased, but their volatilization to the HS was simultaneous 
with the volatilization of the n-pentane and the excess of DMS, the volume of 
the microdrop (3 μL of 1-octanol initially) increasing to approximately 7 μL, 
which causes the dilution of the analytes and a corresponding decrease in 
analytical signals. This fact was confirmed as the peaks corresponding both to n-
pentane and to DMS appeared in the chromatogram. Furthermore, the n-
pentane phase is necessary to methylate the HAAs although this is at the 
expense of the increase in microdrop volume (over 100%) or its fall from the 
microsyringe (although the microsyringe with the drop was exposed to the HS 
after extraction/methylation, 25 min at 45 °C, only 5 min); we finally assayed 
the direct immersion of a solvent bar into the aqueous phase.24 In addition, this 
column-like configuration increases the solvent surface area since the ratio of 
surface area to volume is larger than in a spherical drop. Both the movement of 
the solution and that of the solvent bar will contribute to further improvement 
in the mass transfer of analytes from the sample to the organic solvent. 
From the above considerations, SBME can be expected to provide milder 
conditions (viz. extraction at room temperature) and higher extraction efficiency 
than those of HS–SDME and HF–LPME. In this case the n-pentane phase is not 
necessary since the organic solvent to derivatize the HAAs is located inside the 
solvent bar as an extractant. The influence of the sample volume was examined 
from 5 to 10 mL (in 15-mL vials) and from 15 to 25 mL (in 30-mL vials) by using 
standards of the 9 HAA methyl esters as analytes. The procedure for 5–25 mL of 
water containing 10 nmol of each HAA methyl ester in 2.8 M Na2SO4 involves 
stirring the solvent bar (with 5 μL of 1-octanol) for 30 min at room temperature 
to extract the analytes in the bar with no, or only minimal, volatilization of the 
esters. The results showed that HS volume does not have significant effects on 
the efficiency of the extraction process, probably because the esters are not 
volatilized at room temperature. A sample volume of 10 mL (in 15-mL glass 
vials) was adopted since the solvent bar turned completely to a vertical position, 
its movement being more uniform during stirring. 
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3.3. Optimization of the SBME method 
3.3.1. Selection of the extractant 
The hollow fiber employed in SBME should be hydrophobic as well as 
compatible with the organic solvent being used.29,30 The most common type of 
fiber was selected, polypropylene with a pore size of 0.2 μm. This fiber is 
compatible with a large number of organic solvents, and the low pore size 
ensures that the organic solvent does not leak during the extraction, and also 
allows penetration of only small molecules (target analytes). A crucial step in 
this method is the selection of the most suitable organic solvent, which should 
have low solubility in water so as to prevent dissolution into the aqueous phase, 
and low volatility, which will restrict solvent evaporation during extraction.29 
Furthermore, the organic solvent should also have excellent GC behavior. As 
mentioned previously, 1-octanol was used as the extractant since it is the most 
frequently used extractant in LPME techniques because it fulfills the 
prerequisites mentioned earlier (boiling point approximately 200 °C and low 
vapor pressure of approximately 0.14 mmHg). However, as a consequence of its 
high boiling point, 1-octanol partially remains in the chromatographic column 
even though it is heated to 250 °C (this was checked by injecting 1 μL of n-
hexane because a wide peak of 1-octanol is observed) and also in the ion source, 
which gets dirty even if it is heated at 250 °C (which can be verified because the 
detector loses sensitivity, forcing us to raise the intensity in the repeller). To sum 
up, 1-octanol is not a good solvent in GC–MS and therefore the selection of 
another organic solvent is mandatory. 
The extracting action of two groups of solvents was assayed; first, 
solvents with high vapor pressure but with good GC resolution (n-pentane, n-
hexane, methyl acetate) and, secondly, solvents with low vapor pressure but 
with poorer GC resolution (1-octanol, 1-hexanol, 1-butanol and decane). For all 
solvents, a 3-cm-long fiber was impregnated in each solvent for 20 s (excess 
solvent was dried off for several seconds on filter paper), then one end of the 
membrane was sealed, 5 μL of the extractant was introduced into the fiber and, 
finally, the open end of the membrane was also sealed (the effective length of 
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the solvent bar was approximately 2.5 cm). All experiments were carried out 
with 200 μg/L of standard methyl esters with stirring at 700 rpm for 15 min at 
room temperature. The results were unsatisfactory in all cases with the first 
group of extractants because they were volatilized during the construction of 
the solvent bar, bar stirring and collection of the extract (the volume of which 
was less than 1 μL). The second group provided extract volumes over 2–4 μL. 
Figure 2 shows the effect of 4 extractants. As can be seen, 1-butanol and 1-
hexanol provide the poorest extraction efficiency since only DCAA (and TCAA), 
CDBAA and TBAA were extracted. Decane and 1-octanol were the best 
extractants for the 9 HAA esters. The highest extraction efficiency was obtained 
with decane, followed by 1-octanol; in both instances a volume of extract 
approximately 4 μL was obtained. In the framework of resolution, decane was 
selected as the extractant since it provides the best extraction efficiency, good 
reproducibility (RSD ∼8%) and has a boiling point of 174 °C (vapor pressure, 
1.58 mmHg at 25 °C), which prevents it from being retained (or retention is 
insignificant) either in the column or in the ion source. 
 
Figure 2. Effect of different organic solvents on the extraction efficiency of haloacetic acid methyl 
esters when using the solvent bar microextraction (SBME) method (all recoveries were normalized 
to the maximum peak area with respect to DCAA). 
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Temperature could have significant effects on the efficiency of the 
extraction/methylation process as could both kinetics and the thermodynamics 
of the diffusion process during extraction. As could be expected, the analytical 
signals of all HAA methyl esters decrease on increasing the temperature over 30 
°C. This is a consequence of the volatile esters being transferred to the HS, so no 
extraction into the solvent bar was obtained above 45 °C. On the other hand, if 
the temperature is too low (lower than 20 °C), the salt (2.8 M Na2SO4) is not 
dissolved, which hinders the mass transfer to the solvent bar. As this parameter 
is critical, 25 °C was selected, and it was always controlled. 
Finally, chemical variables were tackled, such as derivatization reagent 
volume and the amount of salt. The reaction can be driven towards ester 
formation by the addition of excess DMS; however, too much DMS may alter 
the analytical signal because this reagent is miscible with both the organic phase 
and the aqueous one. Initially, aqueous standards of 200 μg/L HAAs were 
tested with variable volumes of pure DMS between 40 and 150 μL. It was found 
that the amounts of HAA methyl esters extracted increased on increasing the 
DMS volume up to 100 μL, above which the amounts decreased slightly since 
the extract volume increased (which is corroborated by the increase in the 
chromatographic peak of the DMS). Higher signals for HAA methyl esters were 
achieved by adding sodium sulfate, which also avoids the decomposition of the 
most unstable compounds (trihaloacetic acids contain bromine: especially 
decomposition of TBAA to bromoform).19 The best results were obtained with 4 
g Na2SO4 per 10 mL of sample (2.8 mol/L) for the 9 compounds. 
The organic solvent volume for extraction/methylation was studied in 
the 3–8-μL range of decane by changing the length of the fiber and thus its 
internal volume. Table 2 shows that the extraction efficiency for all HAAs 
increases with the solvent volume inside the bar, which is related to the length 
of the solvent bar. In addition, for volumes of decane lower than 3 μL, the 
volume of extract is approximately 1 μL (enough to carry out one injection in 
the chromatograph), whereas above 5 μL the solvent bar is too long, which 
causes its tumbling to be more erratic and unreliable. 
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On the basis of these considerations, we selected a 3-cm hollow fiber, 
whose effective length was approximately 2.5 cm after being sealed; for a 
volume of 5 μL, the volume of the extract obtained was approximately 4 μL. The 
most significant variables are listed in Table 1. 
3.4. Methylation mechanism and efficiency of the SBME process 
Recently, the mechanism for the LPME/methylation of HAAs via 
formation of an ion pair has been proposed.19 The process involved 3 phases 
(aqueous, organic and gaseous), so this mechanism can be extrapolated to the 
SBME method described although it is simplified since only two phases are 
involved. In a two-phase (aqueous-organic) system, either of the phases can be 
dispersed into the other by agitation. In SDME the organic droplet can be 
regarded macroscopically as the dispersed phase. The theory of mass transfer 
accompanied by chemical reaction in the SDME technique has been firstly 
described for phenolic endocrine disruptors.31 In our method, HAAs are 
Compound
4 µL 5 µL 6 µL 7 µL
MCAA 1.0 1.1 1.2 1.3
MBAA 1.0 1.3 1.5 1.7
DCAA 1.0 1.1 1.4 1.6
TCAA 1.0 1.5 1.7 1.8
BCAA 1.0 1.5 1.7 1.8
DBAA 1.0 1.4 1.6 1.7
BDCAA 1.0 1.5 1.6 1.8
CDBAA 1.0 1.2 1.4 1.6
TBAA 1.0 1.1 1.2 1.3
Table 2. Comparison of extraction efficiencies of SBME method
at various decane volumes
Relative responsea
a Relative responses were normalized to the peak area obtained
for 4 µL of the extractant.
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converted in situ into the corresponding anion, producing an ion pair with 
TBA–HSO4 (Q+A-), which can cross the membrane interface and diffuse into the 
organic phase. Next, it reacts with DMS, (CH3)2SO4, to produce methyl 
haloacetates (A–CH3) in the organic phase. Thus, the overall process can be 
regarded as a phase-transfer catalysis;31 its schematic representation is depicted 
in Figure 3. 
 
Figure 3. Mechanistic model of the liquid–liquid ion-pair transfer methylation reaction. HA 
haloacetic acid. 
Finally, the yield of the derivatization reaction in the SBME method was 
evaluated using the procedure described in Experimental Section for the 9 
HAAs at a concentration of 200 μg/L (approximately 10 nmol of each one) in 
quintuplicate. In parallel, methyl ester standards at an equimolar concentration 
of HAAs in 2.8 mol/L salt were extracted into the solvent bar. The average 
derivatization yield was over 80% (except for 40% for TBAA owing to its 
degradation to bromoform). Subsequently the average yield of the extraction 
process for the 9 methyl esters was evaluated by extracting 1 mL of mineral 
water containing 400 μg of each HAA methyl ester standard in 2.8 mol/L 
Na2SO4 with 1 mL of decane; the efficiency of this manual extraction after 5 min 
of agitation was approximately 90%, the other 10% of analytes were extracted in 
the second extraction step of the remaining aqueous phase. 
The results were compared with those obtained with an aqueous 
solution of 200 μg/L of each methyl ester standard in 2.8 mol/L Na2SO4 (10 mL) 
extracted into the solvent bar (5 μL of decane). The theoretical concentrations in 
both extracts were 400 μg/mL and 1 μL of the extract was injected into the GC–
MS system; the experiment was performed in quintuplicate. The results indicate 
HA    +    Q+HSO-4 Q+A- +     H2SO4
Aqueous sample
Organic solvent
2 A-CH3 +    Q2SO4 2 Q+A- +    (CH3)2SO4
Membrane
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that the extraction efficiency of SBME related to liquid–liquid extraction was 
approximately 5% for 7 HAA methyl esters and 1 and 2% for MCAA and 
MBAA, respectively. These results were better than those reported by 
Varanusupakul et al.14 using HF–LPME and 20 μL of 1-octanol (the enrichment 
factor ranged between 0.7 and 3%). The low extraction efficiency in 
microextraction techniques can be ascribed to the few organic volumes versus 
the aqueous phase used, since only small fractions of HAAs are 
extracted/derivatized into the membrane, resulting in relatively small 
enrichment factors (approximately 4%). 
3.5. Analytical performance 
Table 3 summarizes the figures of merit in the calibration graphs for the 
9 HAAs selected through the use of the HS–SPME and SBME methods. The 
quality assurance was evaluated by checking several parameters. The retention 
times of the derivative methyl ester were confirmed by comparing their peaks 
with the peaks of commercially available methyl haloacetates. Each day a 
known standard stock solution was spiked into a sample and both the spiked 
and the unspiked samples were analyzed to check the GC instrument. Several 
analytical curves for standards in mineral water containing variable amounts of 
HAAs were obtained by plotting the analyte to the internal standard peak area 
against the analyte concentration. The sensitivity (slope of the calibration graph) 
was different depending to the method used. Regression coefficients were 
greater than 0.995 in both cases. LODs were calculated as the minimum 
concentrations providing chromatographic signals 3 times higher than 
background noise.32 The within-day precision, expressed as RSD, was evaluated 
by analyzing 11 mineral water samples spiked with a concentration of 20 μg/L 
(60 μg/L for TBAA) or 100 μg/L of each HAA on one day for the SBME or the 
HS–SPME method, respectively. 
Some interesting conclusions can be drawn on comparing the results 
listed in Table 3. First, the sensitivity (as the slope of the calibration graph) is 10 
times higher with the SBME method than with the HS–SPME one. In fact the 
HS–SPME method provides inadequate sensitivity to quantify HAAs at the 
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level usually found in drinking waters. Second, in both methods the sensitivity 
was lower for TBAA since it is partially degraded to bromoform even at room 
temperature.15 Third, the precision expressed as RSD was also higher for the 
SBME method. This is consistent with the above-mentioned fact that, in the HS–
SPME method, numerous compounds from fiber bleeding were coeluted with 
the analytes, hindering their detection. For comparison, Table 3 also includes 
the analytical features of the HS–GC–MS method (see Table 1) for HAAs using 
the same extraction/derivatization process.19 As can be seen, the HS–GC–MS 
method provides the highest sensitivity since the average of the LODs was 0.07 
± 0.05 μg/L in contrast to 0.24 ± 0.24 μg/L for SBME (TBAA has not been 
included). Furthermore, although the SBME method requires more elaborate 
manual operations than the HS method, the average RSD was similar 
(approximately 7%) in both instances. The HS–GC–MS method provides better 
response sensitivity with respect to the SBME method, but also requires higher 
temperature (60 °C) since the SBME method is carried out at room temperature; 
in addition, the HS–GC–MS method is more expensive since a static HS unit is 
required. 
The proposed SBME method provided lower LODs than those obtained by the 
other LPME alternatives described in the literature for only 6 HAAs, based on 
HF–LPME (n-octanol as the extractant) with electron capture detection (LODs 
between 0.1 and 18 μg/L)14 or SDME with n-octanol as the 
extractant/derivatization reagent and MS detection (LODs between 0.1 and 1.2 
μg/L).28 The uncertainty values were calculated on the basis of the equation U = 
t × s/ √n  (where U is the uncertainty, t the statistical parameter, s the standard 
deviation and n is the number of measurements).33 Table 3 summarizes the 
specific uncertainty of each HAA for the whole procedure (U), determined for a 
probability imposed at the 95% confidence level (K = 2). To calculate it, 12 
samples containing 20 μg/L of each HAA (60 μg/L for TBAA) were subjected to 
all the process: preparation of the standards, storage at 4 °C for 2 days, 
extraction/derivatization and analysis. 
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The recoveries obtained by the SBME method were calculated by using 
tap water fortified with 3 different concentrations of each of the HAAs (5, 20 
and 100 μg/L; the concentrations for TBAA were 15, 60 and 100 μg/L) to 10 mL 
of the sample in triplicate (n = 3). All waters contain HAAs at detectable levels 
and, in this case, the concentrations in the spiked samples were quantified and 
compared with those calculated as the sum of the native concentrations in 
unspiked samples and spiked concentrations. All compounds were determined 
with average recoveries between 92 and 98% for the low and the high amounts, 
respectively. For comparison, the recoveries for HAAs using the HS–SPME 
method were also calculated, and were lower (between 86 and 90%) than those 
obtained by the SBME method. 
3.6. Analysis of tap and swimming pool waters 
The SBME method was applied to the analysis of real water samples, 
including 7 tap water and two swimming pool water samples, which were 
collected as described in Experimental Section. The HS–SPME method was 
discarded as it provides inadequate sensitivity. The SBME method was initially 
validated with U.S. EPA method 552.2 (extraction in MTBE and acid-methanol 
derivatization for 2 h at 50 °C, using MS detection instead of electron-capture 
detection); however, this U.S. EPA method provides inadequate sensitivity to 
quantify HAAs at the level usually found in drinking waters. Therefore, we 
opted to validate the SBME method by comparing the results of real samples 
with those obtained by the HS–GC–MS method (previously validated with U.S. 
U.S. EPA method 552.219). The results obtained for both methods are listed in 
Table 4. An external standard solution with known HAA concentrations was 
analyzed with each set of water samples and after every tenth sample, to check 
the validity of the calibration curves. DCAA, TCAA, BCAA, DBAA and BDCAA 
were the compounds found most frequently in the water samples, whereas 
MBAA, CDBAA and TBAA were undetected in both types of samples. MCAA 
was only detected in one tap water sample and in both swimming pool water 
samples. The total HAA concentrations found in tap waters ranged between 11 
and 23 μg/L, below the maximum contaminant level (60 μg/L for the sum of 5 
HAAs)  established  for  the U.S. EPA.  However, for swimming  pool water  the 
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Figure 4. GC–MS single-ion chromatograms of tap water sample 3 (see Table 4) for SBME (A) and 
headspace (B) methods. For peak identification, see Figure 1. 
concentration rose to 300 μg/L, clearly exceeding the maximum contaminant 
level owing to its higher chlorine dose and natural organic matter content. To 
compare the results obtained by the two methods, a paired t test was used for 
the total HAA concentration found in the 8 real water samples analyzed; the 
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experimental t value was 0.33, the corresponding t critical value was 2.36. So, no 
systematic differences were found, which corroborates how well the proposed 
method performed. As an example, Figure 4 shows the chromatograms 
(selected ion monitoring mode) obtained for tap water sample 3 using both the 
SBME and the HS–GC–MS methods. There are differences between the two 
chromatograms since only 4 peaks from the matrix were detected in the 
chromatogram corresponding to the HS method, whereas the SBME 
chromatogram visualizes not only these 4 peaks, but also the excess of DMS 
(peak at 5.1 min) and the decane band (9–11 min). 
4. Conclusions 
Two sample preparations for the GC–MS determination of HAAs have 
been developed with in situ microextraction/methylation as the only common 
feature. Apart from that, they are not comparable. Thus, the SPME method 
cannot be applied in the direct mode since aliquots of organic solvents (the 
mechanism for derivatization of HAAs is based on a two-phase system) are also 
sorbed on the fiber, hindering the sorption of the esters; this problem is partially 
solved in the HS mode (HS–SPME) with heating at 45 °C, but some organic 
solvents (extractant, excess of derivatizing reagent) are also volatilized, 
competing with the esters in the fiber (the fiber is damaged and it can be reused 
only 50−60 times). In addition, the HS –SPME method provides inadequate 
sensitivity to quantify HAAs at the level usually found in drinking waters. The 
SBME method does not cause the degradation of the HAAs since the 
extraction/derivatization is done at room temperature. Decane can be used for 
the selective extraction/derivatization of the 9 HAAs, with excellent GC–MS 
performance. Adequate precision, linearity and sensitivity (10 times higher than 
the HS–SPME alternative) indicate that this micro-solvent extraction is a reliable 
method for routine determination of HAAs in tap water with the sole 
disadvantage of having a 60-min extraction time (although simultaneous 
extraction of several samples can be done). By contrast, this SBME method 
represents a cheap and attractive alternative to the HS–GC–MS method, with 
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similar sensitivity. Compared with the previously published LPME methods14,28 
using 1-octanol, the proposed method shows a lower LOD, good precision and 
derivatization at room temperature (no degradation of the HAAs to THMs) and, 
for the first time, the mechanism of derivatization for HAAs using SBME has 
been proposed on the basis of a two-phase system with a tetrabutylammonium 
salt as the phase-transfer catalyst. Finally, it is a good alternative to the U.S. EPA 
methods.5,9,10 
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Abstract 
This paper describes the first micro liquid-liquid extraction (MLLE) gas 
chromatography-mass spectrometry (GC–MS) method for the speciation of 
emerging iodinated acetic acids, along with conventional chlorinated and 
brominated acids in water. The haloacetic acids (HAAs) were derivatized using 
3 reagents for their methylation, both in aqueous and organic media. The acidic 
methanol derivatization in aqueous medium provided the best efficiency, 
requiring minimal sample manipulation. The derivatization yield was improved 
through the use of microwave energy that drastically reduced reaction time (2 
min). The HAA methyl esters were finally extracted using 250 µL of methyl tert-
butyl ether. This MLLE combined with the use of a large-volume sample 
injection coupled to a programmed temperature vaporizer–GC–MS improved 
the sensitivity of the method and minimized the generation of hazardous 
residues in accordance with the principles of “Green Chemistry”. Detection and 
quantification limits (excepting tribromoacetic acid) within the range of 0.01–
0.15 µg/L and 0.03–0.5 µg/L, respectively, were obtained and the relative 
standard deviation was lower than 10%. The eco-friendly method was applied 
to the speciation of the 13 HAAs in treated (chlorinated and chloraminated 
water) and untreated water. Up to 8 HAAs were found at detectable levels in 
treated water. The highly toxic monoiodoacetic acid was detected in almost all 
the chloraminated water. 
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1. Introduction 
Haloacetic acids (HAAs) represent the second most prevalent group of 
disinfection by-products (DBPs) found in drinking water.1,2 Potential adverse 
health effects from exposure to HAAs include increased cancer risk, 
spontaneous abortions, and birth defects.3–5 For this reason, the U.S. 
Environmental Protection Agency (U.S. EPA) has established, under the Stage 1 
D/DBP Rule, a maximum contaminant level (MCL) of 60 µg/L for the sum of 
only 5 HAAs containing chlorine or bromine.6 The World Health Organization 
has set up a MCL for monochloro-, dichloro- and trichloro- acetic acids 
individually as 20, 50 and 100 μg/L, respectively.7 The European Union is 
considering regulating the 9 chlorinated and brominated HAAs at 80 µg/L.8 
Iodinated HAAs have recently been identified as DBPs, but they are not 
currently regulated in any country. Nevertheless, studies show that these 
compounds have greater toxicity than their chlorinated and brominated 
analogues.9–11 They have been found in drinking water after disinfection with 
chloramines in the presence of iodine.2,11,12 So, iodo-organic compounds should 
be considered when evaluating drinking water exposure. 
    Several methods have been developed to determine the 9 chlorinated 
and brominated HAAs, but they did not include iodinated ones. These methods 
involve gas chromatography with mass spectrometric detection (GC–MS)13–15 or 
electron capture detection (ECD).16–19 In this case HAAs require a prior 
derivatization step to their respective esters to make them suitable for GC due 
to their low volatility and high polarity. Some derivatization agents, such as 
diazomethane, are suspected carcinogens,20 while other agents, such as 
bromopentafluorobenzene, can form unstable derivatives and interfere with the 
detection of brominated compounds.13 Perfluoroheptanoic acid has also been 
employed as complexation agent with the 9 chlorinated and brominated HAAs 
since it forms stable complexes in the electrospray process in mass 
spectrometry.21 The most frequent derivatizing reagent is acidic methanol used 
in non-aqueous medium (Fisher esterification), recommended by U.S. EPA 
method 552.2.22 This method involved the extraction of HAAs from water by 
Capítulo 4 
 
182   
methyl tert-butyl ether, followed by acidic methanol esterification in the organic 
layer (reaction time, 1–2 h). The derivatization of dichloro- and trichloro- acetic 
acids with acidic methanol has been also performed in aqueous medium (90 ºC, 
1 h) before static headspace (HS)–GC–ECD determination.17 This method 
provided high limits of detection (LODs) of 3 and 0.5 µg/L for dichloro- and 
trichloro- acetic acids, respectively. A similar derivatization process was carried 
out for 6 chlorinated and brominated HAAs (55 ºC, 1 h) combined with liquid 
phase microextraction (LPME) that employed 20 µL of 1-octanol in HS mode.16 
This method produced LODs between 1 and 18 μg/L and required 1 h per 
analysis. More sensitive alternatives have been developed for the simultaneous 
derivatization/extraction of the 9 HAAs in aqueous medium by using 
dimethylsulfate as the reagent and an ion-pairing agent employing static HS 
(LODs from 0.02 to 0.40 µg/L)23 or HS-solid phase microextraction (SPME) 
(LODs between 0.01 and 0.45 µg/L).24 These methods could probably be applied 
to the determination of iodinated HAAs but it would be necessary to consider 
their low concentration in drinking water (at nanogram per liter levels).2,11,25,26 
On the other hand, iodinated HAAs are less stable than their brominated and 
chlorinated analogues.2 
    Iodinated HAAs were identified in drinking water for the first time by 
using GC–MS after preconcentration of 2 L of water with XAD resin, followed 
by evaporation of the extract and derivatization with BF3–methanol prior to 
analysis.11 Since this work, few alternatives have been proposed, the majority 
being focused on liquid chromatography (LC),27,28 ion chromatography29 or 
capillary electrophoresis (CE)30 with MS detection, which do not require 
derivatization. However, these methods require ion-pairing reagents to favor 
the retention of HAAs,27–29 which leads to the suppression of the ionization of 
HAAs in the electrospray ionization source. CE methods achieve better 
separation than LC but provide lower sensitivity due to their low injection 
volumes.   
    The trends towards miniaturization in sample preparation (LPME and 
SPME) are driven by the need to decrease the consumption of organic solvent as 
much as possible in accordance with the principles of “Green Chemistry”. Micro 
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liquid-liquid extraction (MLLE) provides greater advantages than other 
miniaturized LLE alternatives based on single drop or fiber extraction since it is 
simple, robust and exhaustive. It should also be emphasized that the 
combination of MLLE technique with a large volume injection into the GC 
increases the sensitivity of the method drastically.31 
    The aims of this study were: i) to develop a fast, simple and sensitive 
large volume injection-programmed temperature vaporization–GC–MS method 
to simultaneously determine chlorinated, brominated and iodinated HAAs (13 
species) at nanogram per liter levels in water samples; ii) to study different 
derivatization methods for HAAs both in aqueous or organic media; iii) to 
combine the best derivatization procedure with the MLLE technique in order to 
reduce both organic solvent consumption and analysis time. The resulting 
method will be validated by U.S. EPA method 552.2. 
2. Experimental 
2.1. Chemical, standards and sampling 
Chloroiodoacetic (CIAA), bromoiodoacetic (BIAA) and diiodoacetic 
(DIAA) acids were purchased from CanSyn (Toronto, Canada). Monoiodoacetic 
acid (MIAA), and all the cloro- and bromo- acetic acids as well as their 
respective methyl esters were supplied by Sigma–Aldrich (Madrid, Spain): 
monochloroacetic (MCAA), monobromoacetic (MBAA), dichloroacetic (DCAA), 
trichloroacetic (TCAA), bromochloroacetic (BCAA), dibromoacetic (DBAA), 
bromodichloroacetic (BDCAA), chlorodibromoacetic (CDBAA), and 
tribromoacetic (TBAA) acids. The internal standard (IS), 1,2-dibromopropane, 
and the surrogate, 2,3-dibromopropionic acid, were also purchased from 
Sigma–Aldrich. Dimethylsulfate (DMS), and the ion-pairing agent, 
tetrabutylammonium hydrogen sulfate (TBA–HSO4), were purchased from 
Fluka (Madrid, Spain). Methanol, n-hexane, methyl tert-butyl ether (MTBE), 
ethyl acetate and sulfuric acid were supplied by Merck (Darmstadt, Germany). 
Anhydrous sodium sulfate, sodium hydrogen carbonate, and ammonium 
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sulfate were purchased from Panreac (Barcelona, Spain). Stock standard 
solutions containing 1 g/L of individual compounds were prepared in MTBE 
and stored in amber glass vial at –20 ºC. More dilute cumulative solutions were 
prepared daily in mineral water (free of DBPs) at microgram per liter level. 
    Water samples were collected in amber glass bottles of 125 mL with 
poly(tetrafluoroethylene) (PTFE) screw caps, containing 1.6 g of ammonium 
sulfate as dechlorinating agent for residual chlorine. In the laboratory, the 
samples were stored at 4 °C and analyzed within 2 days after collection. If the 
time between sample collection and analysis exceeded 2 days, samples could be 
stored at –20 °C up to 30 days. 
2.2. Instrumentation and apparatus 
Experiments for the determination of the 13 HAAs species were carried 
out with large volume injection (LVI) with programmed temperature 
vaporization (PTV) using GC–MS consisted of an HP 7890A gas chromatograph 
(Agilent Technologies, Palo Alto, CA, USA) equipped with an HP 5975C mass 
selective detector, with Triple-Axis Detector. An Agilent programmable 
temperature vaporization inlet (G2619A Septumless Head), with multi-notch 
deactivated PTV liner (Part No. 5183-2041), was applied as the sample injector. 
The GC column used was an HP-5MS (30 m × 0.25 mm × 0.25 µm film 
thickness) coated with a stationary phase of 5%-phenyl–95%-
methylpolysiloxane supplied by Agilent. The GC oven temperature program 
was set to an initial temperature of 40 ºC for 3 min and then raised to 60 ºC at 20 
ºC/min and held 3 min, then increased to 100 ºC at 5 ºC/min, and finally, 
increased at 25 ºC/min up to 200 ºC and held for 3 min. Helium (6.0 grade 
purity, Air Liquide, Seville, Spain) was used as the carrier gas at a constant flow 
of 1 mL/min. The injection was carried out in PTV in solvent vent mode. In the 
injection step, 50 µL of organic extract were introduced into the liner at 45 ºC. 
During the solvent evaporation step, the temperature was kept constant for 0.01 
min, and the vent flow at 60 mL/min. In the transfer step the split valve was 
closed and the temperature increased to 200 ºC at a rate of 500 ºC/min. Finally, 
the split valve was opened and the injector kept at 200 ºC with a purge flow of 
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60 mL/min at 1 min until the end of the run, for cleaning purposes. The mass 
spectrometer was operated in electron impact (EI) mode using an ionization 
voltage of 70 eV. The transfer line and ion source temperatures were 200 and 
250 ºC, respectively. Mass spectra were acquired in scan mode using the m/z 
range 45–330 at 3.5 scans/s. The fragment ions selected for identification and 
quantification purposes (see Table 1) of chlorinated and brominated acetic acid 
methyl esters include: i) m/z 59, corresponding to loss of the methyl ester moiety 
([CH3OCO]+), which is common for carboxylic methyl esters, and ii) the double 
isotopic pattern, which is due to the overlap of the 2 naturally occurring 
isotopes of halogens. The fragment ions selected for iodinated acetic acid methyl 
esters were: i) m/z 127 (representing the I+ ion), ii) m/z corresponding to the loss 
of iodine (M–I)+ and iii) the molecular ion. 
A household microwave oven was used for the microwave assisted 
derivatization of the 13 HAAs. 
2.3. Analytical procedures 
2.3.1. Simultaneous MLLE and aqueous derivatization with DMS and 
TBA–HSO4 
 Water samples were prepared similarly to a previous work23 using HS–
GC–MS for 10 mL of spiked aqueous standard with the derivatizing reagents 
(100 µL of DMS and 125 µL of a 0.05 M concentration of TBA–HSO4) and 200 µL 
of n-hexane (extractant). Then, a volume of 100 µL of the upper organic layer 
was transferred to a conical glass insert (0.1 mL) inside a 2 mL amber glass vial 
containing ~10 mg of Na2SO4 to dry the extract. Finally, 50 µL of the n-hexane 
extract was injected into the PTV–GC–MS instrument. 
2.3.2. MLLE and acidic methanol derivatization in organic medium 
A volume of 10 mL of mineral water containing 5 μg/L of each HAA 
and 10 µg/L of 2,3-dibromopropionic acid (surrogate) was placed in a 15 mL 
glass vial. The sample was acidified (pH ˂ 0.5) with 500 µL of concentrated 
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H2SO4. Quickly, 4 g of Na2SO4 were added and the vial shaked for 3 min to 
dissolve the salt. Then 400 µL of MTBE were added and the capped vial was 
shaking by hand for 2 min, followed by decantation for 2 min. A volume of 250 
µL of the upper organic layer was transferred to a 2 mL glass vial and 80 µL of 
10% H2SO4/methanol solution were added. The vial was clamped inside a 
thermostatic water bath at 50 ºC for 2 h in order to carry out the derivatization. 
After cooling at room temperature, 500 µL of saturated sodium bicarbonate 
solution was added in 100 µL increments to neutralize the excess of sulfuric 
acid, and the solution was allowed to stand for 2 min. Finally, 100 µL of MTBE 
extract was collected and injected as described in Section 2.3.1. 
2.3.3. Acidic methanol derivatization in aqueous medium and MLLE 
 Ten milliliters of water or mineral water (blank) containing from 0.03–
300 μg/L of each HAA, and 10 µg/L of 2,3-dibromopropionic acid were placed 
in a 15 mL glass vial with a PTFE screw cap. Then, 1 mL of concentrated sulfuric 
acid (pH ˂ 0.5) and 0.8 mL of methanol were added and the vial was closed and 
exposed to microwave irradiation at 50 W for 2 min in order to derivatize the 
HAAs. After cooling the vial, 4 g of Na2SO4 were added to the vial, and the 
solution was shaked by hand with 250 µL of MTBE (containing 200 µg/L of 1,2-
dibromopropane, IS) for 2 min, followed by decantation for other 2 min. Then, 
~70 µL of MTBE extract was collected and injected as described in Section 2.3.1 
2.3.4. LLE and acidic methanol derivatization in organic medium (U.S. 
EPA method 552.2) 
The liquid-liquid extraction for the determination of HAAs in water was 
that reported by U.S. EPA method 552.222 with minor modifications. Briefly, 40 
mL of water sample together with 10 μg/L of 2,3-dibromopropionic acid 
(surrogate) were placed in a 60 mL glass vial with a PTFE screw cap. Afterward, 
2 mL of concentrated sulfuric acid were added in order to adjust the pH less 
than 0.5, and quickly 16 g of Na2SO4 were added, being the vial shaken for 5 
min until all is dissolved. Then, 4 mL of MTBE were added to the aqueous 
phase and the vial was shaked by hand for 2 min and leaving to stand for 5 min 
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in order to separate both phases. Approximately 3 mL of the upper MTBE layer 
were transferred to a 15 mL glass vial together with 1 mL of 10% of sulfuric acid 
in methanol; the vial was sealed and placed in a water bath at 50 °C for 2 h. 
After cooling the vial, 4 mL of saturated sodium bicarbonate solution were 
added (to neutralize the excess of acid). Finally, 1 mL of the upper MTBE layer 
together with 200 μg/L of 1,2-dibromopropane (IS) was transferred to a 2 mL 
glass vial (containing Na2SO4 salt) and 50 μL of the extract was injected into the 
LVI–PTV–GC–MS instrument for analysis. 
3. Results and discussion 
 A MLLE technique using organic solvent at microliter levels was 
combined with LVI coupled to the PTV–GC–MS technique. Three methylation 
procedures were evaluated for the derivatization of chlorinated, brominated 
and iodinated HAAs (13 species) in water in order to find the most suitable in 
terms of compatibility with MLLE extraction, namely: i) aqueous derivatization 
with DMS and TBA–HSO4, because it is widely used to derivatize the HAAs in 
aqueous medium,23,24,32,33 ii) acidic methanol derivatization in organic medium, 
and iii) acidic methanol derivatization in aqueous medium. The LVI–PTV–GC–
MS conditions were maintained constant in all cases and 50 µL of the final 
extract were injected into the instrument. Ten milliliters of aqueous standard 
solution containing 5 μg/L of each HAA and 10 μg/L of surrogate were 
methylated with different derivatizing reagents. 
3.1. Simultaneous MLLE and aqueous derivatization with DMS and TBA–
HSO4 
In a previous work23 we demonstrated that the 9 chlorinated and 
brominated HAAs can be quantified readily at the nanogram-per-liter level in 
water after simultaneous extraction and derivatization by HS–GC–MS. Aliquots 
of n-pentane increased the derivatization yields of methyl haloacetates as well 
as minimizing their decomposition into their respective trihalomethanes. Briefly 
the mechanism was: HAAs in aqueous medium forms an ion pair with TBA–
Capítulo 4 
 
188   
HSO4 which diffuses into the organic phase and then reacts with DMS to 
produce methyl haloacetates in the organic phase, and so the overall process can 
be regarded as phase-transfer catalysis. Samples were prepared using the 
procedure described in Section 2.3.1. We attempted but failed to combine 
derivatization with DMS and MLLE stages because excess DMS was extracted 
into all the organic phases assayed (n-hexane, n-pentane, ethyl acetate and 
MTBE), overlapping with methyl monobromoacetate, methyl dichloroacetate 
and the IS (1,2-dibromopropane). In addition, as can be seen in Figure 1A, when 
using 10 µL of derivatizing reagent MCAA, 4 iodinated and 3 trihalogenated 
HAAs were not derivatized, and negligible signals of only 3 esters of HAAs 
(TCAA, BCAA, and DBAA) were observed in the chromatogram (~10% 
derivatization yield, which was calculated by comparing their analytical signals 
to those provided by the methyl ester standards prepared in the same 
conditions in water). In conclusion, the excess DMS (100 µL) necessary to obtain 
the maximum derivatization yield (~80%) for the 13 HAA species was extracted 
in the extractant, making difficult to determine them. The absence of excess 
DMS interference in the HS technique can be ascribed to its low volatility.23 Due 
to these results, this derivatization method was discarded. 
3.2. MLLE and acidic methanol derivatization in organic medium 
 Acidic methanol esterification in organic medium (Fisher esterification), 
recommended by U.S. EPA method 552.2, is the most common derivatization 
used to methylate the 9 chlorinated and brominated HAAs. Fisher esterification 
is an acid-catalyzed equilibrium reaction which proceeds through a nucleophilic 
substitution (SN2) reaction intermediate.34 The next study was focused, 
according to our experience in the miniaturization of conventional LLE 
methods,31,35 on reducing both sample preparation time as well as the 
consumption of reagents/organic solvents in accordance with the principles of 
“Green Chemistry”. 
 In preliminary experiments, the ratio of the aqueous/organic phase of 
the U.S. EPA method 552.2 was maintained (10/1) as well as the amount of 
reagents.22   Thus,  10 mL  of   spiked   standard   solution  (13  species)  with  the 
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Figure 1. GC–MS chromatograms (SIM mode) obtained from the analysis of a standard solution 
containing 5µg/L of each HAA using: simultaneous MLLE and aqueous derivatization with DMS 
and TBA–HSO4 (A); MLLE and acidic methanol derivatization in organic medium (B); and acidic 
methanol derivatization in aqueous medium and MLLE (proposed method) (C). Blank run 
chromatogram obtained by the proposed method (D). Peak identification: MCAA (1); MBAA (2); 
DCAA (3); MIAA (4); TCAA (5); BCAA (6); DBAA (7); BDCAA (8); CIAA (9); CDBAA (10); BIAA 
(11); TBAA (12); DIAA (13); 1,2-dibromopropane (IS); and 2,3-dibromopropionic acid (surrogate, 
S). 
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surrogate, 0.5 mL of concentrated sulfuric acid, and 4 g of Na2SO4 were mixed 
for 3 min. Then, 1 mL of MTBE with 200 μg/L of IS were added and the vial 
was shaked by hand for 2 min. Approximately 0.9 mL of MTBE extract were 
transferred to a 4 mL glass vial together with the derivatizing reagent (0.25 mL 
10% H2SO4/methanol solution) and placed in a water bath at 50 ºC for 2 h.  
 For miniaturization purposes, several variables were checked, namely: 
type of salt (Na2SO4, MgSO4, and KCl) and its concentration (1–4 M), extraction 
solvent (n-hexane, n-pentane, ethyl acetate, and MTBE) and its volume (300–
1000 µL), volume of derivatizing reagent (10–300 µL of 10% H2SO4/methanol 
solution) and two alternative heating sources (ultrasound and microwave 
assisted energies) instead of a water bath at 50 ºC for 2 h22 to derivatize the 13 
HAAs. Microwave-assisted energy (MAE) is a promising strategy which 
provides comparable reaction yields using shorter times in the derivatization of 
several organic compounds when compared to those resulting from traditional 
heating sources.36,37 Iodinated HAAs have similar pKa values to their 
chlorinated and brominated analogues (see Table 1); therefore at the sample pH 
(< 0.5) in U.S. EPA method 552.2, all the HAAs are undissociated which ensures 
their extraction.  Therefore, in the present study, the sample pH was maintained 
as proposed in the U.S. EPA method. After a rigorous study of the above-
mentioned variables, the best results were obtained with those recommended in 
U.S. EPA method 552.2 (2.8 M Na2SO4, and MTBE). Thus only the volume of the 
extractant can be decreased up to 400 µL (10 mL of aqueous sample) since lower 
volumes were difficult to handle in the subsequent derivatization step, 
providing irreproducible results. After extraction, 250 µL of the MTBE phase 
were mixed with variable volumes of 10% H2SO4/methanol solution, the best 
ratio signals being obtained from 60 µL. To ensure complete derivatization of 
the 13 HAA species, 80 µL of 10% H2SO4/methanol solution were chosen as the 
optimal volume. However, the excess of sulfuric acid should be neutralized to 
avoid damaging the chromatographic column;22 so, 500 µL of a saturated 
sodium bicarbonate solution was added after the derivatization step. 
 The two alternative energies assayed were compared with heating 
source in a water bath at 50 ºC for 2 h,22 taking into account the boiling points of 
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the two organic solvents implied in the reaction (methanol, bp 65 ºC; MTBE, bp 
55 ºC).  Aliquots of 250 µL from the MTBE extracts containing the 13 HAA 
species were placed in an ultrasonic bath (200 W) for between 1 and 30 min or in 
a household microwave at variable microwave powers (50–100 W) for different 
derivatization times (1–3 min). Even after ultrasonication for 30 min (40 ºC), 
iodinated HAAs were not derivatized and the recoveries for chlorinated and 
brominated ones were under 30%. After microwave derivatization at 50 W for 1 
min (50 ºC), recoveries between 30% (iodinated) and 60% (chlorinated) were 
obtained. At higher powers or derivatization times, the temperature in the vial 
increased and the extract evaporated causing more difficulties for extract 
handling and providing more irreproducible results. In conclusion, none of the 
alternative energies assayed improve the proposal for the U.S. EPA method 
(water bath at 50 ºC for 2 h).22 Figure 1B shows the chromatogram obtained 
from the analysis of a standard solution containing 5 µg/L of each HAA 
derivatized as described in Section 2.3.2. All species were separated with good 
resolution. However, this method was discarded since it has no advantages 
with respect to the U.S. EPA method 552.2 in terms of sample handling and the 
time of derivatization. 
3.3. Acidic methanol derivatization in aqueous medium and MLLE 
 In order to simplify and shorten sample preparation time, the 
esterification of the 13 HAAs was assayed in aqueous medium instead of in 
conventional organic one.16,17 In the present work, we assumed initially the 
experimental conditions proposed for the aqueous derivatization of 6 HAAs 
with acidic methanol followed by hollow fiber (HF) membrane–LPME with 20 
µL of 1-octanol as the extraction solvent and determined by GC–ECD.16 Some 
disadvantages of LPME using hollow fiber membranes should be taken into 
account, namely: (i) the existence of a membrane barrier between the sample 
and the extractant that reduces the extraction rate and increases extraction time; 
(ii) the creation of air bubbles on the surface of the hollow fiber that reduce the 
transport rate and decrease the reproducibility of the extraction; (iii) the 
partition equilibrium is not reached and therefore the extraction time should be 
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strictly controlled in order to obtain acceptable reproducibility and extraction 
efficiency. To overcome the above problems, a MLLE method was included 
instead of a HF–LPME one. A rigorous study of the variables was required since 
equilibrium is reached in the MLLE method, and the species tested were 
extended to 13 HAAs (including 4 iodinated HAAs). For this purpose, the 
aqueous standard solution along with the surrogate and the reagents were 
derivatized at 55 ºC for 1 h.16 After cooling at room temperature, 4 g of Na2SO4 
and 400 µL of MTBE containing 200 μg/L of the IS were added and the vial was 
shaken manually for 2 min. 
3.3.1. Selection of derivatization conditions 
 The influence of the derivatizing reagents was studied by varying the 
volume of methanol (0.1–1 mL) and sulfuric acid (0.1–2 mL) per 10 mL of 
sample. In both instances, the ratio of peak areas remained constant for the 13 
HAA species above 0.5 mL of methanol (see Figure 2) and 0.8 mL of 
concentrated sulfuric acid. In order to ensure the derivatization of these species 
at high concentrations, 0.8 mL of methanol and 1 mL of concentrated sulfuric 
acid were selected. A considerable drawback consisting of needing a long span 
of time characterizes both the conventional U.S. EPA method 552.2 (50 ºC, 2 h) 
and other alternatives that also use acidic methanol esterification in organic18–22 
or aqueous medium (1–2 h).16–17 Therefore, the present study is focused on 
minimizing the derivatization time by using MAE; the results were compared 
by heating in a water bath. To this end, standard solutions with reagents were 
introduced into a household microwave oven at variable power settings (50–100 
W) and time frames (1–3 min), taking into account that the temperature should 
be lower than 65 ºC to avoid the evaporation of methanol and/or the esters, or 
in a water bath at 55 ºC from 30 to 120 min. Accordingly it was only possible to 
heat the aqueous solution at 50 W for 2 min (55 ºC). Similar recoveries were 
achieved for 120 min using a water bath at 55 ºC, which demonstrated the 
potential of MAE for the rapid derivatization of the 13 HAAs. The faster 
derivatization under microwave conditions as compared to conventional 
heating at the same temperature can be rationalized by the very rapid heat 
transfer to the reaction vessel, thereby leading to a faster derivatization yield.  
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Figure 2. Influence of volume of methanol (derivatization 
reagent) on acidic methanol derivatization in aqueous medium 
and MLLE. 
3.3.2. Optimization of MLLE conditions 
The first step in the optimization of a liquid-liquid extraction method is 
the selection of the organic solvent in order to achieve good recovery with high 
enrichment. The extractant should fulfill a series of well-known requisites 
concerning the analytes, good GC behavior and compatibility with its direct 
injection into the LVI–PTV–GC–MS. Based on these considerations, MTBE, ethyl 
acetate and n-hexane were tested and compared in terms of extraction 
efficiency. The extraction was performed with 400 µL of extractant and repeated 
in quintuplicate. As can be seen in Figure 3, MTBE shows the highest extraction 
efficiency for the 13 target compounds with respect to the other extractants. It 
may be due to the high solubility of methyl esters in MTBE, so this solvent was 
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selected for further experiments. Volumes of MTBE varied between 250 and 600 
µL; the lowest value is limited by the difficulty in visually collecting the extract. 
As expected, the peak area ratio decreased on increasing the solvent volume 
taking into account the lower preconcentration factor, therefore a 250 µL volume 
of MTBE was chosen. The salting-out effect was also examined by using several 
salts such as Na2SO4, KCl and MgSO4; the highest extraction efficiency was 
achieved with Na2SO4. The ionic strength slightly increased the extraction 
efficiency and also decreased the solubility of MTBE in the aqueous phase, thus 
4 g of Na2SO4 (2.8 M) was selected as optimum. The extraction temperature 
cannot be increased more than 25 ºC to avoid the volatilization of MTBE 
(extractant), so room temperature was selected. Finally, the extraction time for 
the MLLE process was varied between 1 and 5 min. There were no significant 
changes in the abundance signals for the 13 HAAs above 2 min, which was 
selected as the working value. Figure 1C shows the chromatogram resulting 
from the analysis of a standard solution containing 5 µg/L of each HAA using 
acidic methanol derivatization in aqueous medium. The good performance of 
this method is corroborated. 
 
Figure 3. Influence of extractant solvent on MLLE process. 
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3.4. Optimization of LVI–PTV–GC–MS technique 
The solvent vent injection mode allows the elimination of the organic 
solvent while the analytes are retained within the liner. The factors associated 
with the LVI–PTV injector were studied, including: initial inlet temperature, 
temperature ramp rate, injection volume, vent time, vent flow, and column 
pressure. The last method studied, acidic methanol derivatization in aqueous 
medium and MLLE with MTBE, was selected and 50 µL of the MTBE extract 
were injected into the instrument. The initial inlet temperature (or trapping 
temperature) was studied for values between 45 and 65 ºC. The analytical 
signals of the most volatile species (MCAA and MBAA) decreased as the 
temperature rose since they were vaporized and swept out of the inlet 
immediately. Accordingly, an initial temperature of 45 ºC was chosen for the 
injector. The influence of the inlet temperature program was assayed with 
temperature ramps between 100 and 500 ºC/min and the best analytical signal 
for the 13 HAAs was achieved with an inlet ramp rate set at 500 ºC/min. The 
volume of the sample injected is the most significant variable when using the 
LVI–PTV technique. Thus, peak area ratios increased with rises in the injection 
volume and therefore this variable was fixed at the highest value studied (50 
µL). Other variables affecting the elimination of solvent are the vent time 
(interval assayed: 0.01 and 1 min) and the vent flow (10 and 100 mL/min) at 
which such venting is performed. The peak area ratio of the 13 species dropped 
as the vent time rose, since the analytes can sweep out of the liner, whereas they 
were almost constant in all the interval vent flow assayed. Therefore, a vent 
time of 0.01 min and a vent flow of 60 mL/min were selected since this allowed 
appropriate elimination of the solvent. The analytical signals decreased as the 
initial pressure increased (from 7 to 12 psi) because an overly high gas pressure 
in the PTV inlet would lead them to the vent. Thus, the column pressure was set 
at 7 psi (1 mL/min of helium flow). 
3.5. Efficiency of the proposed aqueous acidic methanol derivatization 
and MLLE method 
The  yield  of  the  derivatization  reaction  of  the  proposed  method was 
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evaluated by comparing the analytical signals obtained with methylation 
(H2SO4 and methanol) of chlorinated and brominated acetic acid standard 
solutions to those provided with their respective methyl haloacetate standards 
using the same molar concentrations. The yield of derivatization of the 4 
iodinated HAAs was impossible because the standards of the iodinated esters 
are not commercially available. For this purpose 10 mL of mineral water 
solution containing ~1 nmol of each HAA were derivatized and extracted in 
quintuplicate using the procedure described in Section 2.3.3. In parallel, 10 mL 
of aqueous solution containing ~1 nmol of each chlorinated and brominated 
methyl ester standard in 2.8 M Na2SO4 and 1.7 M sulfuric acid media were 
extracted with 250 µL of MTBE containing the IS. The average derivatization 
yield was over 80 ± 4% (except 40% for TBAA owing to its degradation to 
bromoform). 
Next the efficiency of the MLLE in comparison with the conventional 
LLE approach was also tackled. First, 1 mL of a standard solution, containing 
0.2 µg/mL of each methyl ester standard available in 2.8 M Na2SO4 and 1.7 M 
sulfuric acid, was extracted with 1 mL of MTBE (manual agitation, 2 min) in 
quintuplicate. The extraction efficiency for the LLE method was calculated 
through calibration curves constructed with methyl ester standards prepared 
directly in MTBE, the result being 94 ± 5%; the other fractions of analytes, 5 ± 
0.6%, were extracted in a second extraction with a fresh 1 mL of MTBE from the 
remaining aqueous phase. The extraction efficiency of the MLLE process related 
to the LLE one was ~90 ± 6%, which is very favorable taking into account the 
higher aqueous sample/extractant ratio (10:0.25, v/v) employed in the 
miniaturized proposed method. The preconcentration factor of the proposed 
method was 40, which makes it more sensitive than the conventional U.S. EPA 
method 552.2 (preconcentration factor 10) with a minimum consumption of 
organic solvent. In summary, it is possible to conclude that the proposed 
method is quite exhaustive and friendly to the environment, as well as simpler 
and more rapid than the manual U.S. EPA method 552.2. 
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3.6. Analytical performance 
The performance and reliability of the proposed method was evaluated 
under optimized conditions in terms of linearity, LODs, and repeatability (see 
Table 1). Calibration curves for each HAA, prepared at 12 concentration levels 
in the range of 0.03–0.50 (1.5 for TBAA) to 50–300 µg/L were linear, with 
correlation coefficients higher than 0.995. The LODs were calculated at the 
lowest absolute concentration of each target analyte in a sample that provided a 
chromatographic signal 3 times higher than background noise,38 providing an 
average value of 0.05 µg/L (excepting TBAA, 0.4 µg/L). The repeatability, 
described as relative standard deviation (RSD) by 11 replicate experiments at 
the concentration of 0.5 μg/L (excepting BDCAA and CDBAA, 1 μg/L; TBAA, 3 
μg/L) was ~8%. Table 2 compares the methods described in the literature for 
the determination of HAAs in water samples by GC. The proposed method is 
favorable over them, due to the minor sample manipulation and the shorter 
derivatization time. The sensitivity is similar to the most sensitive method 
developed to date using MS or ITMS detection. The proposed method provided 
lower LODs than those obtained by the other two methods using aqueous 
derivatization with acidic methanol.16,17 In addition, this is the first MLLE 
method reported to date to determine all 13 HAAs together (chlorinated, 
brominated and iodinated) using GC–MS, including all the regulated and 
unregulated HAAs along with emerging iodinated HAAs. The proposed 
method was validated with U.S. EPA method 552.2 using the procedure 
described in Section 2.3.4 (see Table 1). The RSD values obtained by the U.S. 
EPA alternative were higher than those provided by the proposed method since 
there were several steps involved in the procedure. It is noteworthy that the 
proposed method is ~5 times more sensitive than the U.S. EPA one. These 
results can be ascribed to the higher ratio of aqueous/organic phases in the 
MLLA method proposed (40) and EPA one (10), and probably to the higher 
derivatization yield achieved by using the MAE technique.  
In order to research the matrix effect on the method proposed, relative 
recoveries of the method were tested. A tap sample and a swimming pool water 
one  were  spiked  at  two  concentrations  of  each HAA, 0.5 μg/L (BDCAA and 
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CDBAA, 1 μg/L, and TBAA, 5 μg/L) and 10 μg/L, and analyzed in 
quintuplicate. Taking into account that all treated water contained some HAAs, 
firstly their concentrations in genuine water were quantified. HAAs were 
determined with average recoveries between 91–95% and 94–97% for the low 
and the high level amounts. The results showed that the water matrix had little 
effect, making this procedure feasible for water samples. 
3.7. Analysis of water samples 
 In order to test the applicability of the MLLE method proposed, 
experiments were conducted with 20 water samples, including 14 of treated 
water (chlorinated or chloraminated tap and pool water) and 6 of untreated 
water (well and pond). Water was analyzed in quintuplicate following the 
procedure described in Section 2.3.3. When the concentration of some acids lay 
outside the linear range, the sample (viz. pool water) concerned was diluted 
with mineral water to bring the concentration back within it. The results 
obtained were compared to those provided by U.S. EPA method 552.2, both 
being listed in Table 3. The environmental samples analyzed were of untreated 
natural water and therefore did not contain HAAs (or they were below their 
LODs). Only two pond samples contained TCAA, at nanogram per liter levels, 
which can be present in the environment due to certain human activities, 
namely: i) in the 7th decade, TCAA was widely used as a potent herbicide39 
although actually it was banned in most countries;40 and ii) TCAA can be 
formed from the photochemical degradation of chlorinated solvents such as 
perchloroethene and 1,1,1-trichloroethane.41,42 From the results in Table 3, it is 
possible to conclude the following: i) only 8 HAA species, of the 13 studied, 
were found in treated water; ii) DCAA and TCAA are present in all treated 
water samples although it is the former that contributes the most out of all the 
HAAs; and iii) only one MIAA was found in almost all of the chloraminated 
water. Iodinated HAAs have been reported to be present in some drinking 
water after disinfection by chloramination11,12 and MIAA is the one that appears 
at the highest concentrations.2 This can be explained because NH2Cl reacts with 
iodide, initially present in natural water, to form active iodine (HOI), that can 
react with natural organic matter forming iodo-DBPs.43−45 The total HAA 
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concentrations found in tap water (4−52 µg/L) was lower than the maximum 
contaminant level established for the U.S. EPA under Stage 1 D/DBP Rule (60 
µg/L). As expected, the total HAA concentrations found in pool water (66−227 
µg/L) were higher than those in tap water due to the presence of organic 
materials in various forms (perspiration, mucus, hair, lotion, etc.) released into 
swimming pool water by swimmers and the disinfection process. Both methods 
provided similar results, although several species in some water samples 
remained undetected by U.S. EPA method 552.2 because they were present at 
levels lower than their LODs, which corroborated the good performance of the 
method proposed. Figure 4 shows the LVI–PTV–GC–MS chromatogram (SIM 
mode) obtained from tap water 5. As can be observed, 8 HAAs were found and 
only a few peaks from the matrix were detected, which did not disturb the 
determination of target analytes. 
 
Figure 4. GC–MS chromatogram (SIM mode) obtained after acidic methanol 
derivatization in aqueous medium and MLLE of tap water 5. For peak identification 
see Figure 1. 
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4. Conclusions 
A sensitive and friendly method has been developed for the rapid 
derivatization, microextraction and determination by GC–MS of the 13 
haloacetic acids (chlorinated, brominated, and iodinated) in water. Three 
derivatization procedures were evaluated for the methylation of the 13 HAAs in 
order to find the most suitable in terms of compatibility with the MLLE 
extraction: i) the aqueous derivatization with DMS and TBA–HSO4 failed to 
combine with the MLLE stage because excess DMS was extracted into the 
extractant, which overlapped with the HAA methyl esters in the chromatogram; 
ii) MLLE of the HAAs in MTBE and acidic methanol derivatization in organic 
medium was discarded since there were no advantages with respect to U.S. EPA 
method 552.2 in terms of sample handling and the time of derivatization; iii) the 
acidic methanol derivatization in aqueous medium and MLLE of the methyl 
esters in MTBE (250 µL) was the simplest alternative, providing shorter 
derivatization time and minimal manipulation of the sample. Microwave 
energy provided significant advantages over conventional heating in terms of 
the reaction time (2 min) in the derivatization of the 13 HAAs in aqueous 
medium when compared to other methods reported in the literature (> 60 min). 
It should be emphasized that the combination of this MLLE method with the 
injection of the extract in the LVI–PTV–GC–MS system minimized the 
generation of hazardous residues, thus following “Green Chemistry” 
recommendations. This method represents a simple, fast and sensitive 
alternative to U.S. EPA method 552.2 with several advantages, namely: i) lower 
volume of extractant, ii) minor sample manipulation since the steps 
corresponding at the acidification of the sample and neutralization of the MTBE 
extract were avoided, and iii) shorter reaction time. The proposed method 
provided lower LODs than those obtained by the other methods described in 
the literature using aqueous derivatization with acidic methanol. The 
robustness of the method was tested by analyzing treated and untreated water 
samples. Up to 8 HAAs were found at detectable levels in the treated water. 
Monoiodoacetic acid was the only iodinated HAA found at low levels in 
chloraminated water. However, iodinated HAAs have been reported to be more 
Capítulo 4 
 
204   
toxic than their chlorinated and brominated analogues. Therefore, the presence 
of emergent iodinated HAAs in treated water samples could affect human 
health, which warrants further research. 
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En este Capítulo se abordan los objetivos específicos 1, 6 y 7 surgidos 
durante el desarrollo de la Tesis Doctoral referente a la aplicación de la 
metodología de HS–GC–MS, desarrollada en el Capítulo 3, a bebidas alcohólicas 
y productos hortícolas. 
En la primera parte de este Capítulo se ha desarrollado un método 
rápido y sensible para la determinación de ácidos acéticos monohalogenados  
(m-HAAs) en vinos y cervezas empleando HS–GC–MS. Los m-HAAs (ácidos 
monocloroacético, monobromoacético y monoyodoacético) se han empleado en 
la industria vitivinícola como conservantes por su acción antimicrobiana y como 
desinfectantes para limpiar los tanques y las barricas en la industria vitivinícola. 
Actualmente su presencia en bebidas alcohólicas está prohibida en la Unión 
Europea y en USA, sin embargo el método oficial para su determinación por 
colorimetría no se adecua a las posibles concentraciones en las que pueden 
encontrarse en vino (µg/L). El método propuesto en la Memoria empleando 
HS–GC–MS ha permitido realizar la extracción, derivatización y volatilización 
de los tres m-HAAs simultáneamente en el propio vial, de manera que se 
simplifica el procedimiento de análisis. Este método proporciona eficacias 
superiores al 90% y LOQs a niveles de µg/L. Una vez optimizado el método, se 
ha realizado un estudio riguroso de la influencia de la matriz de la muestra. Por 
una parte se estudió la influencia de la concentración de etanol, que se volatiliza 
cuando se calienta la muestra y  puede competir con los analitos por el espacio 
de cabeza del vial. Por otra parte se estudió la influencia de los ácidos primarios 
del vino (ácidos tartárico, cítrico y málico) en la reacción de derivatización de 
los m-HAAs, ya que están a niveles de g/L y pueden competir con los analitos 
por los reactivos derivatizantes. El estudio de la concentración de etanol en la 
muestra ha puesto de manifiesto que no tiene efecto en la 
extracción/derivatización de los m-HAAs hasta una proporción de un 15%. Por 
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otra parte los ácidos orgánicos del vino se encuentran a pH 2 (pH de la muestra) 
prácticamente sin disociar por lo que no compiten con los HAAs 
(completamente disociados) en la derivatización. Así se toleran concentraciones 
de ácidos orgánicos de al menos dos veces superiores a las encontradas 
normalmente en los vinos. En conclusión, no se ha observado un efecto de la 
matriz significativo y por tanto el método puede aplicarse eficazmente a la 
determinación de estos compuestos en vinos y cervezas.   
En la segunda parte de este Capítulo se ha desarrollado un método por 
HS–GC–MS para la determinación de HAAs en productos hortícolas 
aprovechando la simplicidad de la metodología previamente desarrollada para 
aguas. Recientemente está despertando especial interés los artículos 
mínimamente procesados o de IV Gama. Este término hace referencia a 
vegetales, frutas y hortalizas frescos sin tratamiento térmico, cortados, lavados y 
envasados, listos para su consumo. Las guías sobre calidad y seguridad de 
frutas y hortalizas de IV Gama, especifican la necesidad de una etapa de lavado 
y desinfección con agua fría a una temperatura de 3 a 4 ºC, empleando como 
desinfectante hipoclorito sódico y manteniendo unos niveles de cloro libre en el 
tanque de lavado de 100–150 ppm. El principal objetivo de esta etapa es 
eliminar los restos de suciedad y la carga microbiana presente, principales 
responsables de la pérdida de calidad del alimento. El lavado es una de las 
etapas más críticas en el procesado de vegetales de IV Gama ya que está 
íntimamente relacionado con la seguridad y la vida útil del producto final. El 
cloro es el desinfectante más empleado en la industria por su efectividad y bajo 
coste, pero desafortunadamente también es el peor controlado en cuanto a dosis 
elevadas. Su principal desventaja es el posible riesgo para la salud debido a la 
formación de DBPs potencialmente cancerígenos formados por la reacción del 
cloro con la materia orgánica presente en el agua y/o alimento. A pesar de todo 
esto, hasta la fecha existe muy poca información a este respecto y la bibliografía 
existente se ha centrado en los THMs dado que son los DBPs  mayoritarios y los 
únicos regulados en aguas de Europa y USA. Los dos únicos métodos descritos 
en la bibliografía para la determinación de HAAs en alimentos están basados en 
los métodos convencionales para el análisis de aguas, los cuales llevan a cabo 
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una extracción de los analitos en MTBE y su posterior derivatización con 
metanol-ácido sulfúrico antes de la determinación cromatográfica. Estos 
métodos no se han desarrollado con el objetivo de determinar los HAAs como 
DBPs y las aplicaciones se han realizado en alimentos fortificados a 
concentraciones muy elevadas (40–600 µg/L). Además proporcionan 
porcentajes de recuperación bajos (55–70%) salvo excepciones como la del ácido 
tribromoacético (130%). En cambio, el método propuesto en esta Memoria 
permite realizar la lixiviación de los HAAs del vegetal, la derivatización y la 
volatilización en una sola etapa en el propio vial. De esta manera se simplifica 
enormemente el tratamiento de la muestra incidiendo en las propiedades 
analíticas de la sensibilidad y selectividad con respecto a otras alternativas 
propuestas en la bibliografía. La metodología desarrollada se ha aplicado a la 
determinación de HAAs en artículos de IV Gama (100 muestras). El estudio 
reveló que el 23% de las muestras analizadas contenían al menos dos HAAs. Por 
lo tanto, se ha puesto de manifiesto que estos compuestos no volátiles 
permanecen en el alimento después de su distribución y venta. También se 
proponen alternativas caseras para eliminar los HAAs en el alimento antes de 
su consumo (vinagre, lejía, sal, agua). El lavado de los vegetales con un puñado 
de sal y agua abundante se propone como la mejor alternativa, la cual permitió 
eliminar el 80% de estos contaminantes en el alimento. 
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Development of a method for the quantitation of chloro-, 
bromo-, and iodoacetic acids in alcoholic beverages 
M.J. Cardador and M. Gallego* 
Department of Analytical Chemistry, Campus of Rabanales, University of Córdoba, E-14071 Córdoba, 
Spain 
Abstract 
Chloroacetic, bromoacetic, and iodoacetic acids can be found in alcoholic 
beverages when they are used as preservatives/stabilizers or as disinfectants. 
As they are toxic components, their addition is not permitted under European 
Union and U.S. regulations. To date, no sensitive methods are available, and 
those proposed are very laborious. This paper describes a sensitive and 
straightforward method for the determination of the 3 monohalogenated acetic 
acids (m-HAAs) in wines and beers using static headspace extraction coupled 
with gas chromatography-mass spectrometry. Prior to extraction, the target 
analytes were esterified to increase their volatility, and all parameters related to 
the extraction/methylation process were optimized to achieve high efficiency 
(>90%). The study examined the influence both of the ethanol concentration on 
the headspace partitioning and of the primary acids present in wine on the 
derivatization reaction of the m-HAAs. The proposed method allows the 
determination of these compounds at microgram per liter levels in alcoholic 
beverages. 
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1. Introduction 
Haloacetic acids (HAAs) are disinfection byproducts formed during the 
disinfection of water with chlorine or chloramines, from natural organic matter 
and/or bromide-iodide present in water.1 These compounds exhibit toxicity and 
mutagenic and carcinogenic activities. On the basis of the induction of genomic 
DNA damage in hamster ovary cells, the iodinated HAAs are the most 
genotoxic and cytotoxic, followed by brominated and chlorinated analogues.2−4 
HAAs can enter the human body through different routes because drinking 
water is used not only for drinking but also for cooking, bathing, etc.5 Although 
there are numerous halogenated acetic acid congeners, only monohalogenated 
acetic acids (m-HAAs) are not permitted under European Union6 and U.S.7 
regulations in beverages and foods; in this sense the Association of Official 
Analytical Chemists has established an official method for the determination of 
chloroacetic acid in foods and beverages.8 The characterization of the 3 m-HAAs 
arises from their suspected use as preservatives or stabilizers in wines and other 
alcoholic beverages because they have antimicrobial action.9 In addition, 
solutions of these m-HAAs may also be used to clean wine tanks and barrels as 
disinfectants. In breweries and wine production plants, the beverage can 
become contaminated with m-HAA residues if the equipment is not rinsed 
adequately after treatment.10  
The usual methods for the determination of m-HAAs in alcoholic 
beverages are based on colorimetric assays with two disadvantages, namely, 
they do not provide sufficient sensitivity to monitor these compounds in 
beverages, and they need to control the concentration of all halide ions because 
they are not specific to m-HAAs.11,12 Later, procedures based on gas 
chromatography (GC) were reported in the literature due to their inherent 
advantages of high resolution, rapid separation, and low cost. However, these 
methods lack the sensitivity required for trace analysis.13,14 The most recent 
method proposed for the determination of m-HAAs in wine by GC–electron 
capture detection goes back to 1991.10 The method included acidification of the 
wine, solid phase extraction with a sorbent column (Extrelut, 20 g), elution with 
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dichloromethane, evaporation of the extract (as the volume of eluent was 150 
mL), redissolution in methanol/n-hexane, derivatization with BF3/methanol, 
and heating at 70 °C for 1 h. Despite the numerous steps, the recoveries 
obtained were 93–112%. Such a method10 has several drawbacks, such as being 
time-consuming (ca. 2 h per sample) and exhibiting low sensitivity, because the 
limits of detection (LODs) for the 3 m-HAAs ranged from 5 to 100 μg/L, which 
are similar to what is obtained by other GC methods.13,14 With respect to 
unallowed use of such compounds, an exhaustive study of their stability in 
wines was carried out, which showed that the concentration of chloroacetic acid 
added to wine was unaffected for up to 3 months in storage in the dark at 30 °C, 
whereas <20% of both bromoacetic and iodoacetic acids remained unaffected 
under the same conditions.10 
The quest for novel sample preparation procedures has led to the 
development of fast, simple, and solventless techniques. On this basis, the 
headspace (HS) technique generally offers straightforward sample preparation, 
automation, and good repeatability (coefficients of variation 4–12%) and is 
being considered as an interesting alternative in the analysis of complex 
matrices due to the absence of matrix effects.15 In a previous work we 
satisfactorily employed static HS followed by GC–MS to determine the 9 HAAs 
that contain chlorine or bromine in water samples,16 where HAAs were 
extracted/derivatized in situ to their respective methyl esters. 
The objectives of the present study were to (i) develop a 
sensitive/selective GC–MS method for the determination of the 3 m-HAAs in 
wine and beer samples, (ii) simplify the sample treatment by using a solventless 
technique such as HS, and (iii) study the influence of both the ethanol 
concentration on headspace partitioning and of the primary acids present in 
wine on the derivatization reaction of the m-HAAs. 
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2. Materials and methods 
2.1. Chemicals and standards 
All chemicals and solvents were of analytical grade or better. 
Chloroacetic, bromoacetic, iodoacetic, and dichloroacetic (internal standard, IS) 
acids, methyl chloroacetate, and methyl bromoacetate were purchased from 
Sigma-Aldrich (Madrid, Spain). The derivatization reagent, dimethyl sulfate 
(DMS), the ion-pairing agent, tetrabutylammonium hydrogen sulfate (TBA–
HSO4), and anhydrous sodium sulfate were supplied by Fluka (Madrid, Spain). 
The solvents, n-pentane, methyl tert-butyl ether (MTBE), and ethanol, were 
purchased from Merck (Darmstadt, Germany).  
Individual stock solutions of each halogenated acid (1 g/L) were 
prepared in MTBE and stored in amber glass vials at –20 °C. More dilute 
individual or mixed solutions were prepared in 5 mL of MTBE and used for the 
fortification of the wine samples. Standard solutions were prepared daily or 
weekly depending on its concentration. 
2.2. Instruments 
Gas chromatographic analyses were performed with an HP 6890N gas 
chromatograph equipped with an HP 7694N headspace autosampler and 
connected to an HP 5973N mass spectrometer (Agilent Technologies, Palo Alto, 
CA). The autosampler was equipped with a tray for 44 consecutive samples, an 
oven capable of holding six glass vials, where the headspace was generated, and 
a sampling system comprising a stainless steel needle, a six-port injection valve 
with a 3 mL loop, and two solenoid valves (for pressurization and venting). The 
operating conditions for the HS autosampler were as follows: vial equilibration 
time, 30 min; oven temperature, 60 °C; vial pressurization time, 30 s; venting 
time, 12 s; loop fill time, 3 s; valve/loop temperature, 90 °C. Helium (6.0 grade 
purity, Air Liquid, Seville, Spain), regulated with a digital pressure and flow 
controller, was used both to pressurize vials (18 psi of pressure flow) and to 
drive the headspace formed to the injection port of the chromatograph via a 
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transfer line at 100 °C (2.0 psi of pressure flow). Injection was done in the split 
mode (split ratio 1:20) for 1 min. Compounds were separated using a cross-
linked HP-5MS [(5%) phenyl-(95%) methylpolysiloxane] capillary column (30 m 
× 0.25 mm i.d., 0.25 μm film thickness, J&W). Oven temperature was 
programmed as follows: 40 °C for 3 min, heated at 20 °C/min to 60 °C and held 
there for 3 min, and finally raised to 200 °C at 20 °C/min and held for 3 min. 
The chromatographic run was complete in 17 min. Helium carrier gas was 
passed at a constant rate of 1 mL/min. The injector, source, and quadrupole 
temperatures were maintained at 250, 230, and 150 °C, respectively. The MS was 
operated in electron impact (EI+) ionization mode, using electron energy of 70 
eV and a solvent delay of 4 min. Optimization experiments were conducted in 
total ion chromatography (TIC) mode between m/z 50 and 210 at 3.5 scans/s; 
m/z ratios lower than 50 were not monitored to avoid the interference related to 
the ethanol according to its abundance in alcoholic beverages. Quantification of 
the 3 m-HAA methyl esters was performed in selected ion monitoring (SIM) 
mode, and 3 different acquisition windows were defined, taking into account 
the retention times and the suitable fragments of m-HAA methyl esters, which 
are included along with the analytical figures of merit on the proposed method. 
All of the scans were performed in high-resolution mode and with a dwell time 
of 100 ms. Total ion current chromatograms were acquired and processed using 
MSD ChemStation G1701DA D.01.02 Standalone data analysis software (Agilent 
Technologies). 
2.3. Wine and beer samples 
Wine and beer samples were purchased at local supermarkets in Spain. 
In the laboratory, the samples were kept cold (4 °C), stored in the darkness until 
analysis, and the seal of each bottle was broken before its analysis. Beer and rosé 
wine samples were degassed in an ultrasonic bath for 15 min to avoid 
interference from CO2 in the HS of the vial. For beverages containing >15% 
(v/v) alcohol (viz., spirituous beverages), the samples were diluted with mineral 
water (the only nondisinfected water and therefore free of HAAs). 
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Uncontaminated white wine matrices (blank) were used for the 
optimization of the method, to check the existence of a matrix effect, and to 
determine their analytical characteristics 
2.4. Analytical procedure 
Ten milliliters of wine or beer sample containing between 0.3 and 500 
μg/L of each m-HAAs was placed in a 20 mL glass vial with 5 g of Na2SO4. 
Then, 50 μL of a 1 mol/L H2SO4 (sample pH ∼2), 150 μL of a 1.0 mol/L TBA–
HSO4 (ion-pairing agent), 500 μL of DMS (derivatization reagent), 10 μL of 20 
μg/mL of dichloroacetic acid (IS, 20 μg/L), and 300 μL of n-pentane (organic 
modifier) were added sequentially. The vial was immediately sealed and 
vortexed for 3 min for homogenization purposes and then placed in the 
autosampler carousel from which the robotic arm took each and introduced it in 
the HS oven. Samples were analyzed by HS–GC–MS, using the operating 
conditions mentioned above. 
3. Results and discussion 
3.1. Optimization of chemical variables 
Chromatography of halogenated acetic acids in GC systems is difficult 
because of their low volatility and high polarity; thus, these acids inevitably 
require a previous derivatization step. In a previous work, we developed a 
straightforward method for the determination of the 9 chlorinated and 
brominated haloacetic acids at nanogram per liter levels in water samples,16 
after simultaneous extraction/derivatization by HS–GC–MS. In this study, we 
demonstrate that the presence of 150 μL of n-pentane increases the 
derivatization yields of methyl haloacetates. This method was initially adopted, 
but the inclusion of iodoacetic acid entailed checking that the GC conditions and 
variables influencing the extraction/derivatization of the 3 m-HAAs also took 
into account the different matrices (alcoholic beverages). For the optimization of 
the variables, 10 mL of white wine (blank) spiked with 50 μg/L of each m-HAA, 
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125 μL of a 0.5 mol/L TBA–HSO4 solution, and 100 μL of pure DMS 
(derivatization reagents), 20 μg/L of dichloroacetic acid (IS), and 150 μL of n-
pentane were added in 20 mL glass vials containing 5 g of Na2SO4, according to 
the reagent concentrations used for water analysis.16 
Tartaric acid is the most significant part of the acid fraction of the wines 
(which is related to the pH of the wines) as well as citric and malic acids, which 
are also found in high amounts (primary acids). Taking into account that target 
analytes can be found at nanogram or microgram per liter levels, their 
derivatization to methyl esters can be hindered because the primary acids of the 
wine (present at gram per liter levels) can also react with the derivatization 
reagents. To diminish the competition of primary acids, the first chemical 
variable studied was the sample pH because it is the factor related to the 
protonation of all acids in the wine, which also affects the derivatization 
efficiency of the m-HAAs. The influence of the sample pH was studied in the 
acid region from pH 1.0 (the pKa values for chloroacetic, bromoacetic, and 
iodoacetic acids were 2.6, 2.7, and 3.2, respectively) to ∼4.0. The composition of 
the headspace was markedly affected by the sample pH as can be seen in Figure 
1. The relative peak areas for all m-HAAs increase as the sample pH does, up to 
2.0 or 2.5 for chloroacetic, bromoacetic, and iodoacetic acids, respectively, 
remaining constant afterward. The optimal sample pH was selected in 
accordance with two criteria, namely, (i) the control of the chloroacetic acid, 
because it is the only m-HAA that remained stable in wines for at least 3 months 
and therefore is the one most commonly found in alcoholic samples,10 and (ii) 
the selectivity of the method, taking into account that the primary acids of the 
wine (present at gram per liter levels) can also be derivatized with DMS, 
hindering the derivatization of the analytes (present at microgram per liter 
levels); thus, the former prevail, because they are at a higher concentration. 
Following these premises, a sample pH of 2 was selected as a compromise, 
which was obtained by the addition of 50 μL of 1 mol/L H2SO4 (pH ∼2) to 10 
mL of the wine sample. The pKa values of all the primary acids of the wine are 
>3;17 thus, at pH 2 they exist mainly as protonated acids, and therefore their 
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competition in the derivatization reaction (as anion) was minimized, whereas 
that of the target analytes was favored. 
 
Figure 1. Influence of the sample pH on the extraction/derivatization 
of the 3 m-HAAs. 
The method is based on the liquid−liquid microextraction/methylation 
of the m-HAAs, according to a mechanism previously proposed for other 
haloacetic acids.16 Accordingly, m-HAAs (XCH2−COOH) are converted in situ 
into the corresponding anion in aqueous medium, producing an ion pair with 
TBA–HSO4 (R4−N+ HSO4−), XCH2−COO− N+−R4 at pH 2, which can cross the 
liquid−liquid interface due to the lipophilicity of the tetrabutylammonium 
cation, diffusing into the organic phase (n-pentane). Next, it reacts with DMS, 
(CH3)2SO4, to produce methyl haloacetates (XCH2−COO−CH3) in the organic 
phase, and the free cation is then transferred to the aqueous phase. Finally, the 
esters and the organic phase were completely volatilized. Therefore, the 
amounts of DMS and TBA–HSO4 are critical because the primary acids of the 
wine can also react with derivatization reagents in detriment of the m-HAA 
derivatization. The effect of DMS volume on the derivatization of the m-HAAs 
was studied from 100 to 600 μL. The derivatization reaction of the m-HAAs was 
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completed above 400 μL of DMS. However, the excess of DMS was extracted in 
n-pentane and volatilized appearing in the chromatogram (the band of DMS 
overlaps with the iodoacetic acid peak for concentrations >500 μL). To ensure 
complete derivatization of the analytes without too much excess, 500 μL was 
chosen as the optimal volume. Volumes between 50 and 200 μL of a 1.0 mol/L 
TBA–HSO4 solution were assayed in the reaction; the analytical signals of the 3 
m-HAAs increased drastically on increasing volume up to 125 μL, above which 
they remained constant. As TBA–HSO4 acts as catalyst for the reaction, an 
excess of the 150 μL was selected as the optimal volume. The last parameter 
tested was the volume of n-pentane because, as described above, the addition of 
an organic modifier is essential for the methylation of m-HAAs because it 
occurs in an organic medium. The addition of 300 μL of n-pentane provided the 
best results in terms of peak area for the 3 m-HAAs. A previous work of ours 
established that the presence of Na2SO4 favored the extraction/derivatization of 
the HAAs as well as the volatilization of the organic phase.16 Hence, the 
addition of Na2SO4 was studied between 0 and 6 g. The analytical signal of the 
m-HAAs increased as the amounts of salt increased to 5 g, which was therefore 
the amount selected per 10 mL of wine (saturated solution). 
Finally, the yield of the extraction/derivatization reaction in the 
proposed method was evaluated; the acids studied were those for which ester 
standards were available (chloroacetic and bromoacetic acids) because the 
standard of methyl iodoacetate is not commercialized. For this purpose, 10 mL 
of white wine (blank) was fortified with both monohalogenated acetic acids, 
derivatization reagents, 300 μL of n-pentane, and salt according to the 
procedure or with only both esters (methyl chloroacetate and methyl 
bromoacetate), the n-pentane, and salt, using the same molar concentrations of 
each m-HAA as those of their respective methyl ester standards (50 μg/L of 
each compound, ∼5 nmol of each). The average yield (n = 5) of the whole 
analytical process was >90% for bromoacetic acid and >95% for chloroacetic 
acid. 
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3.2. Optimization of HS conditions 
The optimum conditions for HS generation were established by 
examining the influence of each individual parameter. The oven temperature 
and the vial equilibration time are the most influential parameters because both 
variables affect the extraction/derivatization of the m-HAAs. Thus, the effect of 
these parameters was evaluated from 50 to 80 °C and from 20 to 50 min, 
respectively. The highest peak areas for the 3 m-HAAs were achieved at an 
oven temperature of 60 °C and a vial equilibration time of 30 min, so these 
settings were selected. The analytical signal decreased at higher oven 
temperatures (20%) and equilibration times (10%), due to the evaporation of a 
significant amount of volatile compounds (the peaks of which were visualized 
in the chromatogram) from the wine, which caused saturation of the headspace, 
and/or because they overlap with the m-HAAs peaks in the chromatogram 
(mainly with chloroacetic and bromoacetic methyl esters). Other instrumental 
parameters that affected the sensitivity of the method were the pressurization 
time and the venting time of the vials, which were also studied from 15 to 45 s 
and from 12 to 20 s, respectively. There were no significant changes in the 
abundance signals for the 3 m-HAAs at a pressurization time above 30 s and a 
venting time above 12 s, which were selected as the working values. 
3.3. Influence of the sample matrix 
To ensure the applicability of the optimized HS–GC–MS method on 
alcoholic beverages (wines and beers) that contain variable amounts of ethanol, 
a rigorous study of this possible interference was done by taking into account its 
high volatility.18 Initially, such an influence was examined by using standard 
solutions prepared in water−ethanol medium containing 50 μg/L of each m -
HAA and variable proportions of ethanol between 0 and 20%. As can be seen in 
Figure 2, ethanol had no effect on extraction/derivatization in proportions up to 
15% for all m-HAAs. Higher ethanol concentrations, however, resulted in 
dramatically decreased analytical signals. This can be ascribed to the 
volatilization of ethanol, which competes with the esterified analytes for 
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headspace in the vials prevailing of the higher concentration, which hinders the 
volatilization of the analytes. Because the ethanol content in the selected 
beverages ranged from 4% for beer to 14% for wine, no problem in the 
determination of m-HAAs could be found. Nevertheless to apply the method to 
spirituous drinks (whiskey, rum, gin, vodka, etc.), the beverages would have to 
be diluted 3−4 times with mineral water before analysis. 
 
Figure 2. Effect of the percentage of ethanol in the sample on the 
extraction/derivatization of the 3 m-HAAs. 
As described above, m-HAAs can be present in alcoholic beverages at 
nanogram or microgram per liter levels, whereas the primary acids of the wine 
are found at gram per liter levels (6, 4, and 1.5 g/L of tartaric, citric, and malic 
acids, respectively).17 These acids can interfere in the derivatization of m-HAAs 
because they also compete for derivatization reagents. The study was carried 
out by adding known concentrations of the possible interfering compounds 
individually to a standard solution containing 50 μg/L of each m-HAA in 
mineral water (free of haloacetic acids). A compound is considered to be an 
interferent when it has a relative error higher than the standard deviation of the 
method.19 The results reveal (for a relative error of 15%) that none of the 
primary acids compete with the analytes up to concentrations twice that found 
R
el
at
iv
e
pe
ak
ar
ea
% Ethanol
MIAA
MBAA
MCAA
Desarrollo de métodos rápidos mediante HS–GC–MS para la determinación de ácidos 
haloacéticos en bebidas alcohólicas y productos hortícolas 
 
J. Agric. Food Chem. 60 (2012) 725–730 229 
in wines (10, 8, and 3 g/L of tartaric, citric, and malic acids, respectively). 
Primary acids did not compete in the determination of the 3 m-HAAs because at 
the sample pH (∼2) only ∼5% of the primary acids (pKa ∼3) were dissociated 
like anion, and therefore their derivatization was minimized; in addition, to 
ensure the derivatization of the 3 m-HAA, an excess of the derivatizing reagent 
was used. In conclusion, no significant effect from the sample matrix was 
detected, and therefore the method proposed to determine the 3 m-HAAs in 
alcoholic beverages can be quantified with standards prepared in mineral water; 
for beverages containing >15% alcohol (viz., spirituous beverages) a dilution 
with mineral water was required. 
3.4. Validation of the method 
Three organic compounds, 1,2-dibromopropane (usually employed as IS 
for the determination of haloacetic acids in water) and trichloroacetic and 
dichloroacetic acids (the presence of which in wines is impossible either as a 
component or as a contaminant) were assessed as IS to be added to the sample; 
the best result was obtained for dichloroacetic acid because it did not overlap 
with any analytes (as occurred with trichloroacetic and iodoacetic acids). 
Validation was needed to demonstrate that the analytical method complied 
with established criteria for different performance characteristics.20 Table 1 
summarizes the figures of merit in the calibration curves for the 3 m-HAAs. The 
calibration curves for the 3 m-HAAs were constructed by plotting the analyte to 
the internal peak area against the analyte concentration. The linearity of the 
chromatographic method was satisfactory in the range of concentrations 
between 0.3 and 500 μg/L with regression coefficients >0.995. The LOD was 
calculated as 3 times the standard deviation of background noise divided by the 
slope of each calibration graph. The repeatability of the HS–GC–MS method as 
RSD for a standard mixture containing a 20 μg/L concentration of each m-
HAAs ranged from 7 to 10% (n = 11, within day). To calculate the uncertainty of 
the whole method, 12 wine samples containing 10 μg/L of each m-HAA were 
subjected to all of the process: fortification, storage at 4 °C for 24 h, 
extraction/derivatization, and analysis. The uncertainty values were calculated 
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on the basis of the equation U = t × s/√n (where U is the uncertainty, t the 
statistical parameter, s the standard deviation, and n the number of measures).21 
Table 1 summarizes the specific uncertainty for each m-HAAs for a probability 
imposed at a 95% confidence level (K = 2). 
Finally, to establish the overall effect of the matrix of wines and beers, 
several calibration curves for the 3 m-HAAs were constructed using different 
alcoholic beverages. The repeatability of the curve slope was calculated from 3 
replicates prepared in different matrices (white, red, and rosé wines or barley 
and wheat beers); the alcoholic grade of the beer and wine samples ranged 
between 4 and 14% in all instances. The averages of the slopes (expressed as 
signal: μg/L) of the 3 m-HAAs were (9 ± 1) × 10−4, (8 ± 1) × 10−4, (10 ± 1) × 10−4, 
(9 ± 1) × 10−4, and (10 ± 1) × 10−4 for white, red, and rosé wines or barley and 
wheat beers, respectively. The average sensitivities of the method (shown as the 
slope of the calibration curves) for the 3 m-HAAs were similar, independent of 
the type of alcoholic beverage, which demonstrated that there was no effect of 
the matrix or it was negligible. 
 
3.5. Analysis of wine and beer samples 
The proposed HS–GC–MS method was applied for the determination of 
m-HAAs in various types of Spanish wines (white, red, and rosé) and in beers 
of different origins (5 countries) produced from barley or wheat and with 
various amounts of alcohol (0–8%). Samples were analyzed in triplicate by using 
the analytical procedure described under Materials and Methods. As could be 
Compound Retention time (min) m/z
a Linearity range 
(µg/L)
LOD 
(µg/L)
RSD 
(%)
Uncertaintyb 
(µg/L)
Chloroacetic acid 5.04 59, 79, 108 0.8-500 0.25 9.8 9 ± 1
Bromoacetic acid 6.55 59, 93, 95 0.7-500 0.22 10 11 ± 1
Iodoacetic acid 8.64 59, 141, 200 0.3-500 0.10 7.2 10 ± 1
b Uncertainty of the whole process expressed as X  ± U  (n  = 12).
Table 1. Analytical figures of merit of the proposed HS-GC-MS method for the determination of
the 3 m-HAAs in wine and beer samples
a The peaks used for quantification are boldfaced; m/z  for IS (dichloroacetic acid): 59, 83, 85. 
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expected, no positive sample was found in the 25 wines and 30 beers tested, 
because these acids are not permitted in alcoholic beverages. Therefore, to test 
the reliability of the proposed method, the recovery of the 3 m-HAAs was 
assessed after they were added to 3 wines of different types and two beers 
produced from barley or wheat. Although the samples contained alcohol, it did 
not interfere, as its content was below 15%, and therefore none of the samples 
were diluted with mineral water. The recovery study was carried out by 
performing 3 standard additions (10, 50, and 400 μg/L) to 10 mL of each 
sample. To facilitate potential analyte interaction with the sample matrix, all 
spiked samples were left to stand for 24 h before analysis. Each sample was 
analyzed in quintuplicate, and the results obtained are listed in Table 2. All 
compounds were accurately identified, and the average recoveries for all 
samples (range = 91 and 95% for red and rosé wines, respectively) were 
acceptable in all instances. 
In conclusion, in the absence of a comprehensive method to determine 
the 3 m-HAAs at nanogram per liter levels by GC in alcoholic beverages, the 
proposed HS–GC–MS method may be an appropriate procedure for the 
simultaneous determination of these compounds (not permitted in beverages 
and foods). The aims have been fully achieved, so this method can be used to 
control these contaminants in wines and beers as well as in other applications 
such as spirituous drinks (if they are diluted by water). 
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Effect of the chlorinated washing of minimally processed 
vegetables on the generation of haloacetic acids 
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Abstract 
Chlorine solutions are usually used to sanitize fruit and vegetables in the 
fresh-cut industry due to their efficacy, low cost, and simple use. However, 
disinfection byproducts such as haloacetic acids (HAAs) can be formed during 
this process, which can remain on minimally processed vegetables (MPVs). 
These compounds are toxic and/or carcinogenic and have been associated with 
human health risks; therefore, the U.S. Environmental Protection Agency has set 
a maximum contaminant level for 5 HAAs at 60 μg/L in drinking water. This 
paper describes the first method to determine the 9 HAAs that can be present in 
MPV samples, with static headspace coupled with gas chromatography-mass 
spectrometry where the leaching and derivatization of the HAAs are carried out 
in a single step. The proposed method is sensitive, with limits of detection 
between 0.1 and 2.4 μg/kg and an average relative standard deviation of ∼8%. 
From the samples analyzed, we can conclude that about 23% of them contain at 
least two HAAs (<0.4–24 μg/kg), which showed that these compounds are 
formed during washing and then remain on the final product. 
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1. Introduction 
Food contaminants cover a diverse range of compounds from a number 
of potential origins. They can be present at trace and ultratrace levels; therefore, 
identification and quantitation in foods can present a challenge for the analytical 
chemist. An emergent contaminant group is that of disinfection byproducts 
(DBPs) formed during the disinfection of the water, which has been one of the 
major public health advances of the 20th century, since it is effective in 
destroying microorganisms that cause disease in humans.1 Ingestion of DBPs 
can occur as direct beverages of treated water or as a result of a simple inclusion 
or more complex interactions of treated water with foods. Haloacetic acids 
(HAAs) are the second most prevalent class of DBPs (after trihalomethanes) 
formed during the disinfection of water with disinfectants mainly with 
chlorination.2 Toxicological studies on laboratory animals have found that some 
HAAs exhibit toxicity and carcinogenic activities3−5 and may have adverse 
reproductive outcomes.6 Five HAAs have been evaluated by the World Health 
Organization (WHO) IARC as probable (group A2) or possible carcinogens 
(group B2) to humans.7 Because of their potentially harmful effects on human 
health, HAAs have been receiving a lot of attention in recent years, and many 
countries or international organizations have promulgated regulations to 
control these compounds in drinking water. The U.S. Environmental Protection 
Agency (U.S. EPA) has set the maximum contaminant level of the sum of 5 
HAAs at 60 μg/L;8 the WHO set the guidelines of monochloroacetic (MCAA), 
dichloroacetic (DCAA), and trichloroacetic acids (TCAA) at 20, 50, and 100 
μg/L, respectively;9 and the European Union is considering regulating the 9 
HAAs at 80 μg/L.10 In spite of this, the U.S. EPA only has established a safety 
margin for 3 (of the 9 species) HAAs in drinking water; the maximum 
contaminant level goals are 0.07, 0, and 0.02 mg/L for MCAA, DCAA, and 
TCAA,respectively.11 However, there is no regulation for food. Drinking water 
is the first source of ingestion of HAAs for humans, but there are other potential 
contamination sources such as direct exposition of foods to disinfected water 
(e.g., juices, coffee, teas, etc.). Thus, a possible source of exposure that has 
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become important over the past few years are minimally processed vegetables 
(MPV),12 also called ready-to-use fruit and vegetables. The International Fresh-
cut Produce Association (IFPA) defines fresh-cut products as fruit or vegetables 
that have been trimmed and/or peeled and/or cut into 100% usable products 
that are bagged or prepackaged to offer consumers high nutrition, convenience, 
and flavor while still maintaining their freshness.13 Both microbial and 
biochemical activities, enhanced by the peeling and cutting operations, 
contribute to MPV instability during its shelf life.14 Washing after peeling and 
cutting removes microbes and tissue fluids and thus reduces microbial growth 
and enzymatic oxidation during storage, which significantly increases the shelf 
life of MTV.15 Techniques to extend the quality of MPV include chemical-based 
washing treatments (viz. chlorine, organic acids, hydrogen peroxide, calcium 
salts, ozone, etc.); the advantages and shortcomings of each of them have been 
reviewed.16 Chlorine-based chemicals, particularly liquid chlorine, chlorine 
dioxide, and hypochlorite, are the most widely used sanitizers for 
decontaminating fresh produce. In some European countries including 
Germany, The Netherlands, Switzerland, and Belgium, the use of chlorine is 
prohibited. The levels of free chlorine in the washing tanks range from 50 to 200 
mg/L, whereas in drinking water, their values are lower (∼0.4 mg/L).16 The 
ionic nature and lower volatility of HAAs at typical food pH (5–6.5) can help 
explain their presence in them. However, although vegetables can become 
contaminated with residues of HAAs and other DBPs formed during the 
washing step with chlorinated water, a scan of the available literature revealed 
the lack of a specific method and studies about these compounds in MPV. 
Despite the toxic effects and potential human exposure to DBPs through 
food, there is scarce information about the levels of DBPs (and what exists 
mainly refers to chloroform) in foods and beverages prepared using chlorinated 
drinking water. Thus, Huang and Batterman have measured trihalomethanes in 
11 foods and 17 beverages prepared in chlorinated water. Tea formed the 
highest chloroform levels (up to 67 μg/L), followed by coffee, rice, soups, and 
vegetables (51 μg/L).17 
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For the determination of HAAs by gas chromatography (GC), a prior 
derivatization step is necessary due to their low volatility and high polarity. 
This step is usually carried out by esterification of the carboxylic group 
(typically methylation with acidic methanol) after a leaching of the solid food 
and liquid-liquid extraction to an organic phase for chromatographic 
separation.18,19 An adapted U.S. EPA method 552.2 (for the determination of 
HAAs in water) has been proposed to determine HAAs and other DBPs in 
spiked foods and beverages prepared with relatively large amounts of 
tapwater.18 The derivatization of the HAAs to their respective methyl esters was 
carried out with acidic methanol (65 °C, 3 h), and their determination by GC 
with electron capture detection (ECD). The method not only is labor-intensive 
and time-consuming but also results in poor precision [relative standard 
deviation (RSD), ∼30%] and inadequate sensitivity. To our knowledge, there is 
only one method to determine the 9 HAAs in spiked vegetable samples, which 
is focused on the possible presence of HAAs in these samples as a result of 
agricultural irrigation with chlorinated water containing HAAs, which is 
unlikely to be used as it is more expensive than nondrinking water.19 The 
method allows a simultaneous leaching and derivatization of HAAs from 
vegetable samples with acidic methanol as both an extractant and a 
derivatization reagent. After leaching, several steps including solvent 
changeover and cleanup prior to analysis by GC–ECD were required. 
In a previous work, we developed a method for the determination of the 
9 HAAs by headspace (HS)–GC–MS in water samples in which the 
derivatization of the HAAs was carried out in an aqueous medium with 
tetrabutylammonium hydrogen sulfate (TBA–HSO4) as the ion-pairing agent 
and DMS as the methylation agent.20 In this study, we demonstrated that the 
addition of aliquots of n-pentane increases the derivatization yields of HAAs as 
well as minimizes their decomposition to trihalomethanes. A static HS 
technique is being considered as an interesting alternative in the analysis of 
foods due to the absence of matrix effects, in detriment to liquid-liquid 
extraction alternatives. The aims of the present work were to (i) develop a 
sensitive/selective method for the determination of the 9 HAAs in MPV 
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samples by using static HS–GC–MS; (ii) detect the HAAs that can be formed by 
the direct interaction of vegetables with disinfectants during industrial washing, 
with typical contact times of less than 5 min; and (iii) establish if these 
contaminants remain after packaging and storage/distribution taking into 
account their non-volatile nature. In accordance with this and taking into 
account the toxicity of these HAAs, it would be desirable to include these 
compounds on the list of emerging contaminants in ready-to-use vegetables and 
fruits. 
2. Materials and methods 
2.1. Reagents 
MCAA, monobromoacetic (MBAA), DCAA, TCAA, bromochloroacetic 
(BCAA), dibromoacetic (DBAA), bromodichloroacetic (BDCAA), 
dibromochloroacetic (DBCAA), and tribromoacetic (TBAA) acids, 1,2-
dibromopropane (internal standard, IS), and 2,3-dibromopropionic acid 
(surrogate standard) were supplied by Sigma-Aldrich (Madrid, Spain). The 
derivatization reagent, dimethylsulfate (DMS), the ion-pairing agent, TBA–
HSO4, and anhydrous sodium sulfate were purchased by Fluka (Madrid, Spain). 
Sulfuric acid, n-pentane, methyl tert-butyl ether, and ethanol were supplied by 
Merck(Darmstadt, Germany). Stock standard solutions containing 1 g/L of each 
HAA were prepared in methyl tert-butyl ether and stored in amber glass vials at 
–20 °C. More dilute cumulative solutions were prepared daily in ethanol at the 
microgram-per-liter level and used to spike uncontaminated whole vegetables. 
Milli-Q water was discarded since it contains a few μg/L of DBPs; thus, mineral 
water (the only untreated water and therefore free of HAAs) was used in the 
experiments. 
2.2. Instruments 
Static HS–GC analyses were carried out using an HP 6890 N gas 
chromatograph (Agilent Technologies, Palo Alto, CA) equipped with an HP 
7694 HS autosampler and an HP 5973 N mass selective detector. The 
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autosampler consisted of an oven, to heat up to 6 vials, a carousel (with capacity 
for 44 vials) equipped with a robotic arm, and a six-port injection valve with a 3 
mL loop. A sample HS was collected through the 3 mL sample loop and 
automatically transferred to the GC via a heated transfer line. The preliminary 
HS autosampler conditions used for the HS–GC–MS operation were as follows: 
oven temperature, 70 °C; vial equilibration time, 20 min with high-speed 
shaking; vial pressurization time, 30 s; venting time, 12 s; and loop fill time, 3 s. 
The sample valve loop and transfer line temperatures were set at 90 and 100 °C, 
respectively. Helium (6.0 grade purity, Air Liquid, Seville, Spain) regulated with 
a digital pressure and flow controller was used both to pressurize vials and to 
drive the HS formed to the injection port of the gas chromatograph. Injection 
was done in the split mode (split ratio 1:20) for 1 min with an inlet temperature 
of 200 °C. The gas chromatographic separation was achieved on a 30 m × 0.25 
mm i.d., 0.25 μm film SLB-5MS capillary column coated with a stationary phase 
consisting of 5%-phenyl-95%-methylpolysiloxane supplied by Supelco (Madrid, 
Spain). The chromatographic oven temperature program was as follows: 40 °C 
(3 min), raised to 60 at 20 °C/min (3 min), then increased to 100 at 5 °C/min, 
and finally to 250 at 25 °C/min (3 min); the chromatographic run was complete 
in 24 min. Helium carrier gas was passed at a constant rate of 1 mL/min. The 
mass spectrometer was operated in the electron ionization mode at 70 eV and 
ion source and quadrupole temperatures of 230 and 150 °C, respectively. A 
solvent delay of 4 min was set to protect the filament from oxidation. 
Optimization experiments were conducted in total ion chromatography (TIC) 
mode at 3.5 scans/s. Quantitation of HAA methyl esters was performed in 
selected ion monitoring (SIM) mode, and five different acquisition windows 
were defined taking into account the retention times and suitable fragments of 
HAA methyl esters (the base peaks used for quantitation are boldfaced): 59, 79, 
108 (MCAA); 59, 93, 95 (MBAA); 59, 83, 85 (DCAA); 59, 117, 119 (TCAA); 59, 
127, 129 (BCAA); 59, 171, 173 (DBAA); 59, 161, 163 (BDCAA); 59, 207, 209 
(DBCAA); 59, 251, 253 (TBAA); 42, 123, 121 (1,2-dibromopropane, the IS); and 
59, 165, 167 (2,3-dibromopropionic acid, surrogate standard). All scans were 
performed in high-resolution mode and with a dwell time of 100 ms. The 
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system operation, as well as data acquisition, collection, and evaluation, were 
accomplished using an Agilent MSD ChemStation software version G1701DA 
D.01.02 (Agilent Technologies). 
2.3. Sampling 
MPVs and whole vegetables were purchased at local markets in Spain 
from November, 2011, until February, 2012. The MPV samples analyzed 
included the following : 40 single ingredients [three of chopped onion, 4 of 
grated carrot, 3 of green pepper, 10 of chicory, 10 of lettuce (iceberg, batavia, 
and romaine), and 10 of spinach] and 60 ready-to-eat salads, containing from 3 
to 5 ingredients such as lettuce (different varieties), chicory, carrots, spinach, 
and red cabbage. All of the salad plastic bags were kept refrigerated and within 
the use-by date before their analyses. Samples were analyzed unwashed since 
the HAAs are expected to be found on the vegetable surface. Thus, a global 
sample consisting of 15–20 units of each whole vegetable or 20–50 packs of each 
MPV (125–300 g) was initially selected and subsequently reduced by quartering 
to 2–4 packs (0.5–1 kg, laboratory sample). In the case of whole vegetables 
(lettuce and spinach), the laboratory sample was cut in pieces or slices of ∼5 g 
and then reduced by quartering to ∼50 g (sample test). The packs of MPV were 
opened, and the content was also quartered to ∼50 g (sample test). The sample 
test was then chopped into smaller pieces (40–80 mg) to obtain the 3 g fractions 
required by the proposed method and immediately analyzed. 
2.4. Stability of HAAs in vegetables 
A thorough study was performed concerning the stability of the 9 HAAs 
in iceberg lettuce samples spiked with 20 μg/kg of each compound. Spiked 
lettuce samples were stored in amber glass containers at 4 °C and analyzed at 1 
h intervals the first day and of 4–8 h subsequently up to 5 days. The results 
obtained show that the concentrations of 5 HAAs (DCAA, TCAA, BCAA, 
DBAA, and BDCAA) remained constant up to 3 days, after which they 
decreased slightly. There were significant differences for the other compounds 
(MCAA, MBAA, CDBAA, and TBAA) since they only remained constant up to 
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36 h. Therefore, the samples were fortified overnight (24 h) to ensure the 
stability of the 9 HAAs. 
2.5. Fortification process 
The vast majority of fresh minimally processed manufacturers use 
chlorine-based washing as a sanitizer. Therefore, DBPs including HAAs can be 
formed and retained on vegetable surface. To ensure reliable simulation on the 
real contamination, the fortification process was carried out as follows: 3 g of 
chopped whole vegetable was spiked with 1 mL of ethanol containing variable 
concentrations of each HAA (between 1.2 and 450 ng; 0.4 and 150 μg/kg) and 60 
ng (20 μg/kg) of 2,3-dichloropropanoic acid (surrogate standard). The spiked 
sample was then allowed to stand at room temperature in a closed fume hood 
during 1 h to evaporate the ethanol and then overnight at 4 °C to simulate 
potential analyte interaction with the sample matrix (weathering process). 
Blanks and standard calibration graphs were run by using uncontaminated 
vegetables. 
2.6. Analytical method 
An accurately weighed amount (∼3 g) of vegetables (HAA 
concentrations, 0.4–8 to 150 μg/kg) containing 20 μg/kg of 2,3-
dichloropropanoic acid (surrogate standard) was added to a 20 mL glass vial 
and supplied with 10 mL of 0.5 g/mL Na2SO4 solution at pH ∼4 (containing 5 
μg/L of 1,2-dichloropropane, IS). Then, 100 μL of 0.05 M of the ion-pairing 
agent (TBA–HSO4), 100 μL of derivatization reagent (DMS), and 150 μL of n-
pentane were added sequentially, after which the vial was sealed and vortexed 
for 3 min to homogenize it. Finally, the samples were analyzed by HS–GC–MS 
using the operating conditions mentioned above. The HAA concentrations were 
calculated by relating to previously created calibration curves, where the peak 
area ratios (sample/IS) were plotted as a function of the sample concentration. 
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Figure 1. Influence of the pH of the leaching solution on the extraction of 
the 9 HAAs. Error bars are the standard deviation for 3 measurements. 
3. Results and discussion 
3.1. pH impact 
Although this work is focused on MPVs, special attention has been paid 
to fresh lettuce and spinach since they are the most popular ready-to-eat 
vegetables. Initially, the optimization of the method was done with raw lettuce 
(iceberg variety), without the washing and freeing of HAAs, as the model for its 
use in salads. To optimize the chemical variables, 2 g of iceberg lettuce spiked 
with 20 μg/kg of each HAA and surrogate standard (2,3-dibromopropionic 
acid), 10 mL of 0.5 g/mL Na2SO4 solution containing a 5 μg/L concentration of 
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1,2-dichloropropane (IS), 125 μL of a 0.05 M TBA–HSO4 solution and 100 μL of 
pure DMS (derivatization reagents), and 150 μL of n-pentane were added in 20 
mL glass vials. 
The leaching of the HAAs from the vegetable samples along with the 
generation of the HS are markedly affected by the sample pH due to the strong 
acidic and the hydrophilic character of these compounds. As a result, the first 
chemical variable studied was the influence of the pH on the leaching of the 9 
HAAs in the Na2SO4 solution, whose pH was made to range from 1 to 6 
(adjusted with diluted sulfuric acid). As can be seen in Figure 1, all HAAs were 
effectively extracted in the pH range 3–5. It is known that the addition of a 
soluble salt increases the ionic strength of the aqueous solution. This makes 
organic compounds less soluble, so the analyte partitioning coefficients, 
between the sample and the HS, can increase several times. The abundance 
signal increased for the 9 HAAs as the Na2SO4 concentration increased up to 0.5 
g/mL. Therefore, a 0.5 g/mL Na2SO4 solution at pH ∼4 was selected as the 
aqueous extractant. 
3.2. Derivatization agents 
The effect of the concentration of the derivatizing reagent was studied 
using amounts of pure DMS between 50 and 200 μL. The reaction yield for the 9 
HAAs increased as the volume rose to 90 μL, above which it remained constant. 
Taking into account that above 120 μL the excess of DMS was extracted in n-
pentane and volatilized, appearing in the chromatogram, 100 μL was chosen as 
the optimal volume. As mentioned above, the addition of TBA–HSO4 as an ion-
pairing agent increased the derivatization yields of the HAAs; volumes between 
50 and 200 μL of a 0.05 M TBA–HSO4 solution were assayed in the reaction. The 
optimal relative peak areas were obtained above 80 μL, remaining constant 
from this value. Therefore, 100 μL was finally chosen as the optimal value. The 
addition of n-pentane into the vial as an organic modifier increases the 
derivatization yields of the HAAs; thus, volumes of the n-pentane in the interval 
50–200 μL were assayed. The signal abundance increased for all HAAs on the n-
pentane volume up to 150 μL, above which it decreased, probably due to the 
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fact that the volatilization of the organic phase was incomplete, leaving some 
amounts of analytes in the organic phase. 
3.3. Ratio sample: extraction volume 
The effect of the ratio of the amount of the sample to extractant volume 
(w/v) was optimized. For this purpose, different samples of 1–4 g of chopped 
lettuce were fortified with the same amount (60 ng) of each HAA and allowed 
to stand overnight. Then, the samples were extracted with 10 mL of 0.5 g/mL 
Na2SO4 solution. Similar results were obtained in all cases, although for 4 g of 
vegetable, the precision (n = 3) was lower probably because the homogenization 
of the mixture is difficult, which then hinders the extraction of the compounds. 
So, the amount of sample can vary between 1 and 3 g with little difference in the 
efficiency of extraction; to increase the sensitivity of the method, 3 g was 
adopted as the optimal value. Finally, the optimal volume of the 0.5 g/mL 
Na2SO4 solution at pH ∼4 (extractant) was examined from 5 to 12 mL per 3 g of 
sample (in 20 mL vials). To ensure that the autosampler needle would not come 
into contact with the sample during the sampling time of the HS, 12 mL of 
extractant was taken as the highest value (3 g of lettuce sample and 12 mL of 
extractant solution occupy ∼3/4 of the vial volume). The signal abundance 
increased as the extractant volume did up to 8 mL. At lower volumes, the 
complete extraction of all compounds was not reached, probably because the 
sample was not suitably homogenized into the aqueous medium. Therefore, a 
portion of 3 g of vegetable and 10 mL of 0.5 g/mL Na2SO4 solution as extractant 
was adopted in the proposed method since it provided better results in terms of 
both sensitivity and reproducibility. To obtain replicate results, it is necessary to 
homogenize the solid and liquid phases. The best extraction efficiency and 
reproducibility of the method were obtained when the sample was vortexed for 
3 min before its introduction into the HS unit. 
3.4. Optimization of instrumental HS variables 
There are many instrumental parameters of the HS autosampler that can 
affect analytical properties, such as sensitivity and precision of the method, 
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among others. The instrumental parameters most closely related to the HAA 
concentration in the HS unit were oven temperature and the vial equilibration 
time; their effects were studied over the ranges 50–80 °C and for 10–40 min, 
respectively. The analytical signals significantly increased for7 HAAs (MCAA, 
MBAA, DCAA, TCAA, BCAA, DBAA, and BDCAA) as the oven temperature 
and equilibration time rose to 70 °C and 20 min, respectively. In this condition, 
some degradation (∼10%) of the CDBAA and TBAA to their respective 
trihalomethanes was observed in the chromatogram since the brominated 
trihaloacetic acids are the most unstablecompounds.20 To obtain the best 
adequate response for the 7 HAAs and taking into account that the brominated 
HAAs are not prevalent in chlorinated water, an oven temperature of 70 °C and 
a vial equilibration time of 20 min were selected as a compromise for 
subsequent studies. The amount of HS sample to be analyzed by GC is related 
to the split ratio, vial pressurization, and the filling of the 3 mL loop of the 
injection valve by venting the vial. Different inlet split ratios (between 1:10 and 
1:40) were studied to obtain the best sensitivity and resolution of 
chromatographic peaks of the HAAs. A split ratio of 1:20 was selected as the 
optimal value. Pressurization and venting times were finally assayed between 
12 and 45 s. No significant changes in the abundance signals for the 9 
compounds were obtained for pressurization times above 15 s and a venting 
time above 12 s. Values of 30 and 12 s for the pressurization time and venting 
time, respectively, were chosen as optimal. 
3.5. Efficiency of the leaching/derivatization process 
 In the present study, the analytes required the extraction from vegetable 
samples and then a derivatization step to increase their volatility. So far, 
leaching and derivatization of the vegetable sample were simultaneously 
carried out into the HS unit, but it would be of interest to establish if this 
process is exhaustive. To check on this, two experiments in quintuplicate were 
conducted in parallel: (i) Three grams of iceberg lettuce (spiked with 20 μg/kg 
of each HAAs and 2,3-dibromopropionic acid) was extracted with variable 
volumes (5–10 mL) of extractant (0.5 g/mL Na2SO4 at pH ∼4). The mixture was 
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vortexed for 3 min, after which it was centrifuged; the supernatant was added 
to a 20 mL vial together with the derivatizing reagents and finally introduced 
into the HS unit (sequential leaching and derivatization process, experiment A). 
(ii) A similar process to the previous one was performed by adding 
simultaneously 3 g of iceberg lettuce and the derivatizing reagents in a 20 mL 
vial; likewise, the volume of extractant was varied from 5 to 10 mL 
(simultaneous leaching/derivatization process, experiment B). The results of 
both experiments are shown in Figure 2, from which the following conclusions 
can be drawn: (i) the recoveries were higher when the analytical process 
(leaching/derivatization) was carried out simultaneously; (ii) better results were 
obtained from 8 mL of extractant in the simultaneous process, whereas for the 
sequential one, at least 9 mL was required. This behavior can be ascribed to the 
fact that the leaching of the compounds was favored when the vial was heated 
in the HS unit; (iii) the precision was slightly better when the process was 
carried  out  simultaneously  since  the  centrifugation  increased  the number  of  
 
Figure 2. Efficiency of the leaching and derivatization process 
carried out sequentially (A) or simultaneously (B) by using variable 
volumes of extractant. The analytical signal is expressed as the sum 
of relative responses of the 9 HAAs. 
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steps and consequently the associated errors. The efficiency of the simultaneous 
leaching/derivatization step was assessed with a second 
leaching/derivatization of the same sample with fresh derivatizing reagent 
solutions. The average relative process efficiency was calculated in 
quintuplicate, using a normalization method in which the combined analytical 
signal obtained in the two sequential extractions was assigned a value of 100%. 
The results obtained in the first run were 94 ± 5% for the 9 analytes, whereas the 
second run provided negligible extraction values. From these results, the direct 
pretreatment of the vegetables in the HS unit was proposed as a simple 
technique that allows the simultaneous in situ extraction/derivatization of the 
HAAs, which greatly simplifies sample treatment. 
3.6. Method performance characteristics 
The performance and reliability of the proposed method were assessed 
by determining the calibration curves, linear range, analyte detectability, and 
standard deviation for the 9 HAAs. For this purpose, individual amounts of 3 g 
of uncontaminated iceberg lettuce sample were spiked with standard solutions 
containing all HAAs at variable concentrations (in ethanol) and analyzed by 
using the analytical procedure described in the Materials and Methods. 
Calibration curves were obtained by plotting the analyte to the IS peak area 
against analyte concentrations. The limits of detection (LODs), the linear range, 
and the precision, expressed as RSD, are summarized in Table 1. LODs were 
calculated as the minimum concentrations providing chromatographic signals 3 
times higher than background noise.21 Limits of quantitation, which were set at 
the lower concentrations of the linear ranges, ranged between 0.4 and 8 μg/kg. 
The linearity of the HS–chromatographic method was satisfactory in the range 
of concentrations from 0.4–8 to 150 μg/kg with regression coefficients >0.995. 
Worth special note is the high sensitivity for TCAA and DCAA, which are 
typically found in chlorinated water. The within-day precision was evaluated 
by analyzing 11 samples containing 5 μg/kg of each HAA (15 μg/kg for TBAA). 
The precision obtained was acceptable for all of the compounds with an average 
value of 8 ± 2%. For comparison to previously reported methods, the LODs of 
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the two alternatives for the determination of HAAs in spiked vegetables are also 
shown in Table 1. The proposed method provided average LODs (0.64 ± 0.73 
μg/kg) lower than those obtained by the adapted U.S. EPA method 552.2 for the 
determination of HAAs in spiked food samples (average LODs, 91 ± 54 
μg/kg).18 This value is better than those provided by the only method proposed 
to determine HAAs in spiked (at 0.8–4 mg/kg levels) spinach and chard 
(average LODs, 2.2 ± 3.2 μg/kg), which is also listed in Table 1.19 
 
The feasibility of the proposed method for the determination of HAAs in 
different models of vegetable (leafy and root) was evaluated by analyzing 6 
uncontaminated samples spiked with 5 or 20 μg/kg of each HAA (15 or 30 
μg/kg for TBAA). A wide variety of vegetables routinely employed for the 
production of MPV was considered, namely, carrot, green pepper, iceberg 
lettuce,  onion,  spinach, and  tomato. Each sample of  3 g was  spiked at the two 
Compound
LOD 
(µg/kg)
Linear range 
(µg/kg)
RSD (%) Method Aa Method Bb
MCAA 0.62 2-150 10.2 130 9.7
MBAA 0.61 2-150 10.4 170 4.9
DCAA 0.10 0.4-150 6.7 60 0.5
TCAA 0.12 0.4-150 6.4 20 1.0
BCAA 0.11 0.4-150 6.5 75 0.7
DBAA 0.22 0.8-150 7.0 40 0.5
BDCAA 0.58 2-150 6.9 155 1.1
CDBAA 1.00 3-150 7.5 125 0.4
TBAA 2.40 8-150 11.5 48 0.5
b Method B: ultrasonic-assisted leaching with in situ derivatisation and analysis by GC-ECD
(data taken from reference 17).
Table 1. LODs, linearity and precision for the determination of HAAs in lettuce samples by
HS-GC-MS
HS-GC-MS LOD (µg/kg)
a Method A: adapted EPA method 552.2 and analysis by GC-ECD (data taken from reference
16).
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concentrations in quintuplicate (n = 5) and analyzed by using the analytical 
procedure described in the Materials and Methods. The results were compared 
to those obtained with spiked aqueous extractant and reagent solutions 
analyzed under identical conditions. As can be seen in Table 2, there are no 
significant differences between the average recoveries of the 9 HAAs in each 
type of vegetable. Lower precision was observed for spinach samples due to the 
higher volume of the sample, which hindered homogenization in the vortex 
mixer. Average recoveries (89–96%) are better than those provided by the two 
existing alternatives, the adapted U.S. EPA method 552.2 (70–130%)18 and 
ultrasonic-assisted leaching (80–115%).19 The results obtained testify to the high 
selectivity of the proposed method since no interferences from the matrices 
studied were observed. 
3.7. Applications 
The proposed method was applied to determine HAAs in 100 MPV 
samples. Samples were analyzed by using the analytical procedure described in 
the Materials and Methods. Table 3 lists the concentrations of the 1–5 HAAs 
found at detectable concentrations in the 23 positive samples (23% of the 
samples analyzed). The analytes not shown were either undetectable or present 
at levels below their LODs. As can be seen, two chlorinated HAAs (DCAA and 
TCAA) were found in practically all of the samples, whereas brominated HAAs 
(BCAA, DBAA, and BDCAA) were occasionally present and at lower 
concentrations (chlorinated HAAs were found at concentrations 6 times higher 
than brominated ones). This can be explained because, as mentioned above, a 
chlorine solution is generally employed in the washing step due to its economic 
impact and simple use. Most of the MPV contained HAAs at low levels, except 
4samples [one of grated carrot (from 4), lettuce 1 (from 10), spinach 5 (from 10), 
and mixed salad 10 (from 60)] that contained concentrations about 5–8 times 
higher than the other positive samples. For comparison, 25 samples of whole 
vegetables (15 of romaine lettuce and 10 of spinach) were also analyzed. These 
whole vegetables come directly from the field and had not experienced any 
industrial process; therefore, it was expected that these samples would be free of 
HAAs.  No  HAAs  were  detected  in  all  of the 25 whole  vegetables  analyzed. 
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Therefore, the HAA found in the MPV samples can be ascribed to the use of 
chlorine solutions, in the washing step, adopted by the fresh-cut industry due to 
their efficacy, cost-effectiveness ratio, and simple use. In our opinion, although 
HAAs can be present in MPV at low levels (mostly well below 10 μg/kg), it 
would be convenient to propose other washing alternatives (viz. organic acids, 
calcium lactate, γ-irradiation, etc.) to satisfy the consumers and maintain a 
balance between sensory, quality, and security of the MPV samples. 
DCAA TCAA BCAA DBAA BDCAA
Carrot 6.3 ± 0.5 13 ± 1 1.2 ± 0.1 0.9 ± 0.1 ˂ 2
Green pepper n.d.b 0.7 ± 0.1 n.d. n.d. n.d.
Iceberg lettuce 1 15 ± 1 18 ± 1 3.9 ± 0.3 1.3 ± 0.1 3.2 ± 0.2
Iceberg lettuce 2 3.1 ± 0.2 3.7 ± 0.3 ˂ 0.4 n.d. n.d.
Iceberg lettuce 3 1.4 ± 0.1 5.9 ± 0.4 0.6 ± 0.1 n.d. ˂ 2
Romaine lettuce 1 2.2 ± 0.2 1.9 ± 0.1 0.5 ± 0.1 n.d. n.d.
Romaine lettuce 2 3.5 ± 0.3 5.2 ± 0.4 n.d. ˂ 0.7 ˂ 2
Chicory ˂ 0.4 1.6 ± 0.1 n.d. n.d. n.d.
Spinach 1 n.d 0.5 ± 0.1 n.d. n.d. n.d.
Spinach 2 n.d 1.8 ± 0.1 n.d. n.d. n.d.
Spinach 3 1.5 ± 0.1 1.9 ± 0.1 0.6 ± 0.1 n.d. n.d.
Spinach 4 1.7 ± 0.1 5.3 ± 0.4 0.5 ± 0.1 n.d. n.d.
Spinach 5 16 ± 1 19 ± 1 4.1 ± 0.3 ˂ 0.7 n.d.
Mixed salad 1 ˂ 0.4 0.6 ± 0.1 n.d. n.d. n.d.
Mixed salad 2 0.5 ± 0.1 1.1 ± 0.1 n.d. n.d. n.d.
Mixed salad 3 0.6 ± 0.1 1.4 ± 0.1 n.d. n.d. n.d.
Mixed salad 4 0.8 ± 0.1 0.5 ± 0.1 n.d. n.d. n.d.
Mixed salad 5 1.1 ± 0.1 4.3 ± 0.3 0.5 ± 0.1 n.d. n.d.
Mixed salad 6 1.2 ± 0.1 0.6 ± 0.1 ˂ 0.4 n.d. n.d.
Mixed salad 7 2.1 ± 0.2 1.6 ± 0.1 0.9 ± 0.1 n.d. ˂ 2
Mixed salad 8 2.8 ± 0.2 3.2 ± 0.2 0.5 ± 0.1 ˂ 0.7 ˂ 2
Mixed salad 9 3.1 ± 0.2 4.5 ± 0.3 1.0 ± 0.1 n.d. ˂ 2
Mixed salad 10 22 ± 2 24 ± 2 3.2 ± 0.2 1.4 ± 0.1 4.8 ± 0.3
a ± Standard deviation, n  = 5.
b n.d.; not detected.
Table 3. HAA concentrationsa (µg/kg) found in the MPV samples analyzed
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According to the literature, MPVs that do not contain any preservatives 
and have not gone through any heat or chemical treatment are becoming more 
and more popular in the market. The only “disadvantage” of these products is 
that refrigeration storage is essential, limiting its practice to “developed 
countries”. However, this paper has demonstrated that minimally processed 
fresh food can be contaminated by DBPs in an additional preparation step, 
introduced by the fresh-cut industry, where they are washed with disinfectants. 
To avoid contamination with bacteria (e.g., coliforms), refrigerating the plastic 
bags is recommended as well as rinsing the vegetables, but not soaking them in 
water. However, what can be found in scientific literature about the removal of 
HAAs or other DBPs? In this sense, we have carried out a study on the cleaning 
MPV at home using home friendly products. So, 4 common alternatives for 
household vegetable washing were studied, namely, tap water, tap water 
containing common salt (∼5 g/L of NaCl), and tap water with a ∼10 drops of 
vinegar or 5 drops of 15% (v/v) sodium hypochlorite. Several portions of 
uncontaminated salads (∼150 g) were spiked with 20 μg/kg of each HAA 
(overnight) and then rinsed, with the 4 alternatives above-mentioned, for 1 min 
(each rinse experiment was carried out in triplicate, n = 3). Following the rinsing 
process, the vegetable samples were subjected to centrifugation in a 
conventional salad colander to remove the remaining tap water. A parallel 
experiment was carried out using mineral water (this water does not contain 
HAAs) instead of tap water (that contains 15 μg/L of total HAAs) to discard 
possible contamination of MPV from the remaining tap water. Each rinsed MPV 
was analyzed by the proposed method in quintuplicate (using 3 g of chopped 
sample, n = 5). The rinse with salted tap water provided the best results since 
almost 70–80% (n = 15) of the total HAAs were removed from the MPV sample. 
The other 3 alternatives only removed 50–60%(tap water and tap water with 
vinegar) or 45–55% (tap water with sodium hypochlorite). No significant 
differences were found in the experiment carried out with mineral water instead 
of tap water. Therefore, the remaining HAA concentrations found in the rinsed 
MPV come from the original HAAs on the vegetables. 
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On the other hand, if it is estimated that a person can consume ∼150 g of 
vegetables per day (portion) and that the most contaminated MPV (salad 10, in 
Table 3) contains 55 μg/kg of total HAAs, this person might ingest more than 8 
μg of HAAs. Assuming a consumption of 2 L of tap water per day and an 
average total HAA concentration in tap water of 15–25 μg/L,20,22−24 the total 
HAA intake from drinking water would be 30–50 μg per day. Therefore, the 
contribution of human exposure through just one portion of salad could be the 
fourth part of the amount established for ingested tap water, which is in our 
opinion significant. Thus, it should be acceptable to include these compounds as 
emergent pollutants in foods since they have been already established for 
drinking water in several countries. 
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Con el objetivo de adquirir nuevos conocimientos en las técnicas de 
miniaturización de preparación de la muestra, se realizó una estancia breve de 4 
meses en el Departamento de Química de la Universidad de Ioannina (Grecia). 
En el desarrollo de esta estancia se han adquirido conocimientos acerca de los 
procedimientos de preparación y estudio de nanomateriales funcionalizados así 
como sus aplicaciones analíticas para propósitos de microextracción. 
La realización de esta estancia ha permitido también cumplir uno de los 
requisitos necesarios para poder optar a la Mención de Doctorado Europeo. 
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Cotton–supported graphene functionalized with aminosilica 
nanoparticles as a versatile high–performance extraction 
sorbent for trace organic analysis 
Abstract 
Cotton fibers are functionalized, following the coating of fibers with 
graphene oxide (GO), the covalent attachment of aminosilica nanoparticles and 
the reduction to the cotton–GR–aminosilica material. Employing the cotton–
supported graphene (GR)–aminosilica material, a novel and easily applicable 
extraction mode is put forward. Several groups of analytes were employed such 
as PAHs, phthalates, musks, phenolic endocrine disrupters and haloacetic acids 
to test the applicability of the functionalized cotton for extraction purposes. The 
extraction yields ranged from 76% to 96% corroborating the high degree of 
affinity of the material for the above groups of compounds while the limits of 
detection were between 0.06 and 1.10 μg/L using gas chromatography-electron 
capture detection for haloacetic acids and gas chromatography–mass 
spectrometry for the rest of the analytes. The accuracy of the method was 
evaluated in fortified lake water at a spiking level of three to ten times the 
lowest quantifiable concentration and the recoveries varied from 86% to 104% 
for all the studied analytes. The π–π and hydrophobic interactions, the 
hydrogen bonding between the functionalized cotton and analytes and the 
electron polarizability and ionizability of the chemical structures justify the 
extraction behavior. 
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1. Introduction 
Classical and modern modes of extraction, share in common many 
sorbing materials such as silica-based reversed phase sorbents with different 
functional groups, polymeric sorbents, polyurethane foam, graphitized carbon 
black, fullerenes and carbon nanotubes, which have been used to extract non-
polar analytes from different water samples.1 Carbon-based materials, such as 
graphitized carbon black, porous graphitic carbon and activated carbon, possess 
strong sorption ability but they may encounter desorption problems due to 
irreversible sorption of some analytes when they are applied as SPE sorbents.2   
Graphene oxide (GO) sheets, consisting of intact graphitic regions 
interspersed with sp3–hybridized carbons, contain hydroxyl and epoxy 
functional groups on the top and bottom surfaces of each sheet in addition to 
the sp2–hybridized carbons with hydroxyl, carbonyl and carboxyl groups at the 
sheet edges.3 Hence, GO is hydrophilic and readily disperses in water to form 
stable colloidal suspensions.4 In contrast, graphene (GR), the reduced form of 
GO, is hardly suspended in water due to being hydrophobic, electron-rich 
nanomaterial in nature, with a large delocalized ̟–electron system.5,6 This 
endows GR with a strong affinity for carbon-based ring structures, which are 
widely present in drugs, pollutants and biomolecules and it has been served as 
an adsorption/extraction material and wonder sorbent for small and medium–
sized molecules.7-15 The performance of GR has been compared to C18–silica, 
graphitic carbon and carbon nanotubes with the same sorbent amount.10 Of the 
materials tested, only GR completely retained the analytes; however, its direct 
use as sorbent in SPE may cause the following concerns: (i) miniscule GR sheets 
may escape from the cartridge due to their polydispersity and (ii) GR sheets are 
apt to form irreversible agglomerates because of their hydrophobic nature and 
the strong ̟–̟ interactions. Therefore, aggregation of GR sheets may occur 
during sample solution passing the cartridge, which may affect the efficiency 
and reusability of the cartridge. On the other hand, GR sheets are relatively soft 
and flexible so they can be attached onto a support more easily than carbon 
nanotubes and fullerenes. Placing a premium on the advantages of GR, 
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researchers developed GR–bound and GO–bound silica as SPE sorbents16 or in 
the form of magnetic materials.17-22 
Microcolumns filled with cotton have been applied to the retention of 
synthetic colorants23 and enrichment of polycyclic aromatic hydrocarbons 
(PAHs)24 as well as to the extraction-preconcentration of the hydrophobic ion-
pair copper-chromazurol S–cethyltrimethylammonium bromide.25 Cotton 
microfibrils are made of poly–D–glucose chains, usually arranged in crystalline 
or partially crystalline domains.26 As such, they are amenable to modifications 
through physical (sorption) and chemical processes.27 
In this article, cotton fibers are functionalized, in 3 successive steps: (i) 
coating of microfibrils with GO, (ii) covalent attachment of aminosilica 
nanoparticles on GO and (iii) reduction-hydrophobization to produce a web of 
aminosilica–GR cotton microfibrils. Employing the synthesized cotton-
supported GR–aminosilica material, a novel and straightforward cotton-based 
extraction mode is put forward, for the first time. Succinctly, a functionalized 
cotton piece is added to an aqueous sample with a magnetic bar. A stirrer is 
switched on and the piece tumbles freely in the sample solution for a certain 
period of time. The extraction of analytes on cotton fibers, which takes place via 
̟–̟, hydrophobic, hydrophilic and ionic interactions is followed by the facile 
collection of cotton piece, the elution and subsequently the injection into the gas 
chromatograph. To test the applicability of the functionalized cotton and figure 
out the mechanism of extraction, several groups of pollutants were successfully 
employed such as PAHs, phthalates, musks, phenolic endocrine disrupters and 
haloacetic acids. 
2. Experimental 
2.1. Chemicals and solutions  
Pure hydrophilic, non–sterile cotton pads were purchased from a local 
pharmacy. Graphite powder (purity 99.9%), tetraethoxysilane (99%), 3-
aminopropyltriethoxysilane and humic acid sodium salt were purchased from 
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Aldrich (Sigma–Aldrich Ltd., Greece). Hydrazine for synthesis (about 100%) 
was obtained from Merck (Merck Chemicals, Darmstadt, Germany). Thirteen 
analytical standards of PAHs (naphthalene, acenaphthylene, acenaphthene, 
fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo[a]anthracene, 
chrysene, benzo[b]fluoranthene, benzo[a]pyrene, dibenzo[a,h]anthracene) in 
methanol or acetone were obtained from Supelco (Bellefonte, PA, USA). Musks 
(phantolide, celestolide, tonalide, galaxolide, traseolide) were obtained from 
LGC Promochem (Promochem GmbH Wesel, Germany) and irgasan (triclosan) 
was obtained from Fluka (Buchs, Switzerland). Bisphenol A, β–estradiol, 4–n–
octylphenol, 4–tert–butylphenol, pentachlorophenol, diethyl phthalate, dibutyl 
phthalate, dicyclohexyl phthalate, dioctyl phthalate and nonane were all 
obtained from Sigma–Aldrich. The haloacetic acids (HAAs) monochloroacetic, 
monobromoacetic, dichloroacetic, dibromoacetic, bromochloroacetic, 
trichloroacetic, bromodichloroacetic, dibromochloroacetic and tribromoacetic 
acids were purchased from Sigma-Aldrich (Madrid, Spain). The organic 
solvents employed (i.e. n-hexane, ethyl acetate, methyl tert-butyl ether and 
methanol) were of GC grade and obtained from Labscan (Labscan, Dublin, 
Ireland). 
Due to the presence of phthalates in many laboratory products including 
containers and glassware, high background may occur for the analysis of 
phthalates in real samples. To minimize contamination, all laboratory glassware 
used in the study was soaked in acetone for at least 30 min, rinsed with n-
hexane, and then dried at 120 °C for at least 4.0 h, before use. 
2.2. Instrumentation  
Analyses were carried out on Shimadzu GC–17A gas chromatographs 
with electron capture detector (ECD) and QP 5000 mass spectrometer (MS) 
(Kyoto, Japan). The selective ion monitoring mode was adopted for the 
determination of the analytes grouping the fragment ions for PAHs, phthalates, 
musks and derivatized phenolic compounds (see Table S1). For detailed 
chromatographic conditions see Supplementary material. 
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2.3. Synthesis of GO and GR 
Graphite powder was oxidized by a mixture of acids and KMnO4, as 
described by Jabeen et al.28 with modifications17 and subsequently reduced with 
hydrazine. Details are given in Supplementary material. 
2.4. Synthesis of aminosilica nanoparticles 
Silica was prepared with hydrolysis of tetraethoxysilane using the well-
known Stober’s method, as reported elsewhere.29 Details about the synthesis of 
aminosilica are given in the Supplementary material. 
2.5. Modification of cotton fibers using GO 
The coating of cotton fabrics with GO nanostructures was achieved 
using an approach, which comprised successive immersions assisted by 
ultrasonication and drying steps. Briefly, a cotton pad of ~5 cm diameter 
weighing 0.56 g was rinsed with acetone and plenty of water. A GO ‘ink’-
dispersion was prepared by bath ultrasonication (120 W) of 200 mg of GO in 100 
mL of double distilled water (DDW) for 10 min, followed by probe-
ultrasonication at 250 W (MRC Scientific Instruments, Holon, Israel), for 30 
minutes. The cotton pad was immersed in the GO ink under bath 
ultrasonication, for 10 min. After that, the GO–coated cotton was taken out of 
the solution and left drain on a net for 10 min. The resulting fabric was placed in 
an oven at 120 ºC, for 20 min in order to complete the attachment. This process 
of coating was repeated 6 times to increase the GO loading on the cotton pad. 
Finally, it was washed with DDW for the removal of unretained GO and dried 
overnight, at 110 ºC. The mass of the GO was obtained from the mass difference 
before and after the immersion and drying of the cotton pad. 
2.6. Covalent attachment of aminosilica nanoparticles on cotton–GO 
The GO–functionalized cotton was transferred to a beaker containing 100 
mL ethanolic suspension of 0.5% aminosilica and placed in ultrasonic bath, for 
60 min. At the end of the reaction, the cotton was removed from the suspension, 
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washed several times with water and ethanol to remove completely any 
physically adsorbed reactants and loosely retained particles and then dried at 
100 °C, for 60 min. 
2.7. Cotton-supported GR–aminosilica 
The reduction to cotton-GR-aminosilica was achieved by refluxing the 
cotton-GO-aminosilica in 100 mL of DDW containing 200 µL of hydrazine, at 90 
°C, for 24 h. The final material was rinsed with plenty of water to remove 
minute amounts of detached GR and aminosilica nanoparticles and dried at 110 
ºC overnight. The color of the modified cotton turned dark gray. 
Precaution:  The use of hydrazine requires great care because it is both 
highly toxic and potentially explosive. 
2.8. Characterization of GR and functionalized cottons 
Surface area assessment, study of the morphology and determination of 
points of zero charge of the materials are described in Supplementary material. 
2.9. Extraction process and derivatization 
Extractions were carried out as follows: a 50–mg piece of the modified 
cotton was cut and preconditioned by dipping it consecutively in methanol and 
twice in DDW, for few seconds. Then, it was placed in a glass beaker containing 
50 mL of an aqueous solution of the individual groups of compounds for 
extraction. The solution was stirred during extraction and cotton was allowed to 
tumble freely in the sample solution during extraction. After a certain period of 
extraction time, the functionalized cotton piece was taken out with tweezers and 
placed in a 5–mL micropipette tip. The cotton was washed with 2 mL of DDW, 
dried under a nitrogen stream (or in a SPE vacuum manifold until drying) and 
extraction was carried out with 2 mL of the following solvents: ethyl 
acetate/hexane 8:2 for PAHs, phthalates and musks and methanol for HAAs 
and phenolic compounds. The extracts were collected in vials and ethyl 
acetate/n-hexane was condensed to 200 µL under a nitrogen stream. Finally, the 
Capítulo 6 
 
270   
condensed ethyl acetate/n-hexane extracts were directly injected into the GCs 
for the analysis of PAHs, phthalates and musks. The methanolic extracts were 
further treated for the derivatization of phenolic endocrine disrupters and 
HAAs, as described in Supplementary material. 
The extraction yield (Y %) defined as the percentage of the total analyte 
extracted in the elution volume (Vel) is given by the following formula: 
(Y %) = [(Cel × Vel) /(Caq × Vaq)] × 100 
where Cel and Caq are the concentrations of the analyte in the elution solvent and 
initial aqueous sample (Vaq), respectively. The chromatographic peak area, 
which was obtained by direct injection of 1 µL of organic solvent after extraction 
and derivatization, where necessary, was used for the quantification of the 
analytes. 
3. Results and Discussion 
3.1. Synthesis of the coated cotton fibers 
The microfibers of cotton pads were coated using a well-dispersed GO 
‘ink’ and a multiple immersion-drying (heating) process. As the basal planes 
and edges of GO are rich in carboxyl and hydroxyl functional groups it is 
reasonable to postulate that it can adhere strongly to the cellulose fibers through 
forming hydrogen bonds with the hydroxyl groups.30 The heating step 
following the immersion, evaporated the water forming an entangled random 
network of GO sheets on the cotton fibers. Repeating this simple immersion-
drying process, a densely coated GO cotton pad was fabricated and the white 
color of the cotton changed into a blackish brown confirming the uniform 
coating of microfibers by GO (Figure S1 of Supplementary material). The 
greater the number of immersion steps the darker the color produced. After 
performing 6 immersion coatings, the amount of GO onto the fabrics was 
calculated to be 175 mg / g of cotton, using the weighing method. 
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Various atomic configurations for GO have been proposed so far.31,32 
There has been conclusive evidence that the epoxy and hydroxyl groups 
energetically prefer to aggregate on the GO basal plane.33 The epoxy groups of 
the GO are amenable to attack through nucleophilic ring-opening reactions by 
the amine functionality, which bears a lone pair of electrons. Hence, the 
aminosilica nanoparticles were attached on cotton–GO via a covalent process 
between NH2–terminated silica nanoparticles and the epoxy groups of GO. In a 
next step, being on cotton microfibers, the GO–aminosilica was transformed to 
the aminosilica–GR through reduction with hydrazine. The formation of 
chemical bonds between cellulose and nanoparticles could hardly be proved 
directly. However, after sonication even for several minutes in an ultrasonic 
bath, particles remained stably attached on the surface of cotton microfibers 
providing hard evidence of their binding. The overall procedure of cotton 
modification and functionalized cotton-based extraction procedure is illustrated 
in Figure 1. Unlike other reported synthetic routes where GR encapsulates 
aminosilica particles,20,34 in this sorbent, the amino groups on the GR–
functionalized cotton fibers are free to interact in aqueous solutions with 
ionized analytes, for extraction purposes. 
 
Figure 1. Schematic demonstrating (a) the fabrication processes of cotton-graphene-aminosilica 
sorbent and (b) the extraction procedure. 
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3.2. Characterization of the coating of fibers 
The SEM images of Figure 2 show the morphology of different forms of 
coated cotton revealing the presence of aminosilica nanoparticles and GR 
nanosheets on the surface of the cotton microfibers. The folded structure of GR 
sheets together with the covalently attached aminosilica particles provided a 
loose structure, which was beneficial for the performance of the modified cotton 
as extraction medium. This structure around the microfibers and the presence of 
aminosilica particles were responsible for the specific surface area, which was 85 
m2/g. The gap between the obtained value and the theoretical surface area of 
GR (~2600 m2/g) may be due to the incomplete exfoliation of GO and the 
uncontrolled aggregation of GR layers during the reduction process. 
The elemental analysis data of pure and modified cotton tabulated in 
Table 1, demonstrated an increase in carbon content during the treatment with 
GO and reduction to GR. The pHPZC values of the synthesized materials, 
provided in the same Table, show that the synthesized pristine GO was 
negatively charged over a broad pH greater than pHPZC (i.e. 3.1) due to the 
presence of carboxyl and hydroxyl functional groups. The treatment with 
hydrazine for the purpose of reducing GO, resulted in the diminution of the 
acidic groups on the sorbent35 and the shift in pHPZC to higher value (i.e 6.2). 
Along these lines, evident was the alteration of the pHPZC values of cotton–GO 
and cotton–GR. The presence of protonated aminopropyl groups (pKa ~10.3) 
caused a shift in the pHPZC of cotton–GO–aminosilica and cotton–GR–
aminosilica to higher values. 
3.3. Effect of experimental conditions on the extraction efficiency of 
cotton–GR–aminosilica 
Based on the hydrophilic and ionic properties of aminosilica, the 
hydrophobic and ̟–̟ properties of GR and the overall hydrophilic character of 
cotton fibers, the following groups of compounds were chosen to test the 
applicability of the synthesized material: 13 PAHs, 4 phthalates, 5 musks, 6 
phenolic compounds, 9 chlorinated-brominated HAAs and nonane (a  linear 
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aliphatic hydrocarbon) for reasons of comparison. The groups of compounds 
were selected based to their occurrence in the environment, the diverse 
hydrophobic properties, the different electron polarizabilities and their 
capability to ionize under certain circumstances (for octanol-water partition 
coefficients (log KOW) and pKa values, where applicable, see Table S1 of 
Supplementary material). The high to moderate log KOW values of the neutral, 
non-ionizable  PAHs,  phthalates  and  musks  and  the  ionizable  phenolics, are  
 
 
Figure 2. SEM images of cotton-graphene-aminosilica at different 
magnifications. 
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indicative of their hydrophobic character. Low or considerably low log KOW 
values are reported for most of the HAAs signifying their hydrophilicity, which 
was reduced by an esterification step, before GC analysis. The pKa values of 
phenolics and HAAs are highly variable indicating their presence in ionized 
and non-ionized form, over a broad pH range.  
Different experimental parameters, which affect the extraction efficiency 
including pH of extraction, extraction time, stirring rate, desorption solvent, 
ionic strength and presence of humic acid were investigated and optimized in 
sequence, using 50 mL of aqueous solution spiked with different concentrations 
of analytes, i.e. 5.0 µg/L for PAHs, phthalates and musks, 20 µg/L for phenolic 
compounds and 5 µg/L for HAAs. The chromatographic peak areas of the 
individual compounds were compared with pure standards prepared in organic 
solvents and the total peak area within the same group of compounds were 
employed to assess the extraction efficiency. 
3.3.1. Extraction pH 
The pH is a parameter of prime importance in the processes of 
adsorption in aqueous phase because it determines the charge of both the 
Material pHPZC % C % N Specific surface area 
(m2/g)
Pure cotton – 44.2 < 0.4 –
Silica 3.9 – – –
Aminosilica 7.4 12.1 3.7 –
GO 3.1 56.0 – –
GR 6.2 90.5 – –
Cotton–GO 5.0 – – –
Cotton–GR 6.4 – – –
Cotton–GO–aminosilica 5.7 46.6 ± 0.6a 2.1 ± 0.2a 89
Cotton–GR–aminosilica 6.7 48.7 ± 0.6a 2.1 ± 0.3a 85
Table 1. Elemental analysis data, pHPZC values and specific surface areas of the synthesized
materials
a Mean values of 3 pieces from the same cotton pad ± standard deviation.
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sorbent and analytes by governing mainly their hydrophobic nature and 
electrostatic interactions. The effect of sample pH was investigated over the 
range of 1.0 to 10.0 by adjusting it with 0.1 M or 1.0 M HCl and 0.1 M NaOH; the 
results are portrayed in Figure 3. It is shown that the adsorption efficiency for 
the neutral PAHs was almost unchanged when the pH of the sample solution 
was varied from pH 2.0 to 9.0. Being in molecular form, phthalates and musks 
also exhibited the same behavior with PAHs in the studied range, pointing to 
the role of hydrophobic and ̟–̟ interactions in the adsorption process. 
 
Figure 3. Effect of pH on the extraction efficiency of cotton–GR–aminosilica. Concentrations of 
analytes: 5.0 µg/L PAHs, 5.0 µg/L phthalates, 5.0 µg/L musks, 20 µg/L phenolic compounds and 
5 µg/L HAAs. Error bars show the standard deviation of the mean (n = 3). 
For phenols, the maximum extraction yield was also attained in a rather 
broad range, from highly acidic (pH 1.0) to neutral conditions, where the 
interactions between the sorbent and analytes seem to be enhanced. The sorbent 
is positively charged at pH lower than the pHZPC or neutral close to the pHZPC, 
where the analytes exist in molecular or anionic form (e.g. pentachlorophenol). 
Overall, the extraction yield of phenols diminished with rising the pH. 
As for HAAs, the optimal pH value with cotton–GR–aminosilica was 
between 1.0 and 1.5. Yet, no serious decrease was noticed up to pH 4.0 for most 
of them. Acidification of water samples to a pH less than 1.0, except for being 
tedious, causes significant detachment of the sorbing phases from the cotton 
microfibers when prolonged extraction periods of time are applied. At pH > 4, 
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the recoveries for all HAAs were reduced dramatically, likely due to their 
hydrolysis. It is noteworthy that the most hydrophobic of HAAs, i.e. 
tribromoacetic acid and to a lesser degree bromodichloroacetic acid and 
chlorodibromoacetic acid are extracted at lower yields as compared to the rest 
of HAAs, at any pH value. Tribromoacetic acid is known to be unstable in 
aqueous solutions and not amenable to analysis.36 The behavior of 
bromodichloroacetate and chlorodibromoacetate ions, the only trihalogenated 
brominated analytes, if not inexplicable, can be ascribed to their higher log KOW 
(2.3–3.4). 
3.3.2. Extraction time and stirring rate 
Fast stirring enhanced the extraction efficiency and mass transfer and 
permitted the continuous exposure of the modified cotton fibrils coating to 
“fresh” sample solution. However, stirring faster than 300 rpm loosened the 
network of microfibers which are clumped together in the cotton piece, 
rendering their collection troublesome, at the end of the extraction process. The 
total peak areas of PAHs, phthalates, musks, phenolics and HAAs increased 
when the stirring rate increased in the studied range, thus indicating the 
remarkable enrichment ability of cotton–GR–aminosilica through mass transfer. 
The effect of contact time on the extraction of the groups of analytes is shown in 
Figure 4. Paying no regard to the individual analytes within the studied groups, 
the adsorption capacity for PAHs, phthalates, phenolics and musks increased 
rather quickly in the first 15 min and then rose slowly until the extraction 
efficiency leveled off. For HAAs, the extraction efficiency improved as the 
extraction time increased up to 25 min. 
3.3.3. Ionic strength and humic acid 
A study was conducted to assess the effect of adding NaCl on the 
extraction of the different groups of compounds by the cotton–GR–aminosilica, 
at concentrations ranging from 0.02 to 0.5 M. As shown in Figure 5, an increase 
in the extraction yield was noticed up to 70% for PAHs, phthalates and musks, 
at pH 1.0, as the salt concentration increased in the studied range. The presence 
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of NaCl in the solution caused a salting-out effect via decreasing their solubility, 
thereby enhancing their adsorption on GR. As the NaCl concentration 
increased, an increase in the extraction yield was noticed for phenolics at acidic 
and neutral pH, although it was lower than that for neutral analytes. The 
behavior of HAAs is radically different since their extraction was influenced 
subtly by the increase in salt concentration, at pH 1.0. In contrast, at pH 3.0, the 
extraction yield for HAAs appeared to be significantly decreased when the 
NaCl concentration became greater than 0.1 M. Being in the anionic form at this 
pH, HAAs may compete with chloride anions for the adsorption sites on 
cotton–GR–aminosilica. 
 
Figure 4. Influence of extraction time on the extraction efficiency of cotton–GR–aminosilica. 
Stirring rate: 300 rpm. Concentrations of analytes: 5.0 µg/L PAHs, 5.0 µg/L phthalates, 5.0 µg/L 
musks, 20 µg/L phenolic compounds and 5 µg/L HAAs. Error bars show the standard deviation 
of the mean (n = 3). 
 
Figure 5. Effect of ionic strength on the extraction efficiency of cotton–GR–aminosilica. 
Concentrations of analytes: 5.0 µg/L PAHs, 5.0 µg/L phthalates, 5.0 µg/L musks, 20 µg/L 
phenolic compounds and 5 µg/L HAAs. 
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The extraction efficiency was also assessed in the presence of humic 
acids, at pH 1.0. The recoveries of the analytes were unchanged as the 
concentration of humic acids increased up to 30 mg/L. At higher concentration, 
the extraction yield tended to diminish; that was more evident with PAHs, 
which at 50 mg/L of humic acids exhibited a reduction of 40%.  It is very likely 
that humic acids form aggregates on the sorbent surface17 and the ̟–̟ 
interactions of humic acids with GR are responsible for such a formation. This 
interaction may be favorable at low concentration of humic acids providing an 
additional hydrophobic area on the sorbent, which is amenable to partitioning. 
3.3.4. Elution solvent 
Relying on the requirements for high extraction capability and 
achievement of the greatest preconcentration factor, common organic solvents 
were employed, which cover a broad range of polarities and can directly be 
injected into gas chromatograph for PAHs, musks and phthalates as desorption 
solvents. The most satisfactory elution yields were attained with n-hexane/ethyl 
acetate 1:4 for PAHs, phthalates and musks and with methanol for phenolic 
compounds and HAAs (see Figure S2 of Supplementary material). A volume of 
2 mL was sufficient for the elution of the analytes from the sorbent through 
percolation by gravity flow. Condensation of the eluent or solvent after 
derivatization to 200 µL further improves the preconcentration factors. 
Keeping constant the sample volume and the amount of the modified 
cotton at 50 mL and 50 mg, respectively, the conditions for the extraction were 
determined on the basis of the foregoing results, as follows: pH, 1.0; extraction 
time, 25 min; stirring rate, 300 rpm; elution solvent, n-hexane/ethyl acetate 1:4 
for PAHs, phthalates and musks, and methanol for phenolic compounds and 
HAAs; elution volume, 2 mL, desorption time, 5 min; NaCl, 0.3 M except for 
HAAs. 
3.4. Selectivity appraisal 
The elucidation of the mechanism of interaction of organic compounds 
with cotton-supported GR–aminosilica is crucial to extend the potential 
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environmental applications of the sorbent. In this context, the experimental 
results were further assessed and additional experiments were undertaken to 
gauge the behavior of the sorbent in relation to the particular compounds of the 
tested chemical groups, under certain experimental conditions. Table 2 
provides the extraction yield values for each class of compounds, at optimum 
conditions as well as at specific pH values (e.g. for pentachrophenol and 
irgasan). The higher the affinity of the analytes for the sorbent the higher the 
extraction yield attained. 
It is well-known that reduction with hydrazine can only partially restore 
the carbon skeleton of GR with the concomitant incomplete removal of oxygen 
atoms from GOs. Therefore, GR bears hydrophilic, residual oxygen functional 
groups, such as hydroxyl groups on its plane. In addition, aminosilica particles 
and cotton fibers, being both hydrophilic by their very nature, impart to the 
sorbent a hydrophilic character. This property can enhance the water wettability 
of the sorbent, improving the adsorption of polar and facilitating the desorption 
of apolar analytes. Hence, the aminosilica functionalized cotton–supported GR 
could be favorable to the analysis of groups of analytes with a wide range of 
polarity. 
The PAHs are convenient molecules to probe ̟–̟ stacking interactions 
and hydrophobic effects. In addition, the delocalized conjugate ̟–electron 
system on the GR surface and its hydrophobic nature increases considerably 
during the reduction process. A significant trend can be seen in Table 2, where 
the higher the degree of condensation of PAHs the greater the interaction and 
extraction yield, in concurrence with the higher hydrophobicity and 
polarizability. To discriminate the role of ̟–̟ interactions and hydrophobic 
effect on the extraction, the linear alkane hydrocarbon nonane was employed 
for reasons of comparison. The sorbent extracts nonane at a yield even lower 
than that of naphthalene although its hydrophobicity (log KOW = 5.29) lies 
between pyrene and benzo[a]anthracene. The reduced capability of the sorbent 
to extract nonane proved clearly that the role of hydrophobic interactions was 
not the dominant, thus highlighting the contribution of ̟–̟ interactions to the 
extraction mechanism. It is postulated that the fused benzene rings of PAHs can 
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Extraction 
yield,
Limit of 
detection 
Coefficient of 
determination
Y (%) (µg/L)  (R2)
PAHs
1 Naphthalene 79 ± 2 0.30–30 0.09 0.995
2 Acenaphthene 80 ± 2 0.34–30 0.11 0.995
3 Acenaphthylene 80 ± 1 0.25–30 0.08 0.998
4 Fluorene 84 ± 2 0.29–30 0.09 0.996
5 Phenanthrene 86 ± 3 0.25–30 0.08 0.998
6 Anthracene 86 ± 2 0.28–30 0.09 0.994
7 Fluoranthene 89 ± 3 0.25–30 0.08 0.999
8 Pyrene 89 ± 3 0.29–30 0.09 0.995
9 Benzo[a ]anthracene 90 ± 3 0.51–40 0.17 0.994
10 Chrysene 91 ± 2 0.52–40 0.17 0.998
11 Benzo[b ]fluoranthene 96 ± 2 0.55–40 0.18 0.994
12 Benzo[a ]pyrene 94 ± 3 0.57–40 0.19 0.995
13 Dibenzo[a,h ]anthracene 96 ± 2 0.42–40 0.14 0.997
Average 88 ± 6
Nonane 71 ± 2
Phthalates
1 Diethyl phthalate 90 ± 2 0.30–30 0.10 0.997
2 Dibutyl phthalate 89 ± 2 0.33–30 0.11 0.994
3 Dicyclohexyl phthalate 93 ± 2 0.21–30 0.07 0.998
4 Dioctyl phthalate 93 ± 3 0.30–30 0.10 0.997
Average 91 ± 2
Musks
1 Tonalide 91 ± 2 0.19–25 0.06 0.998
2 Galaxolide 90 ± 3 0.27–30 0.09 0.998
3 Traseolide 92 ± 3 0.27–30 0.09 0.995
4 Celestolide 90 ± 1 0.24–30 0.08 0.994
5 Phantolide 91 ± 2 0.24–30 0.08 0.996
Average 91 ± 1
Phenolic compounds
1 4–tert –butylphenol 89 ± 2 0.36–30 0.12 0.995
2 4–n –octylphenol 89 ± 2 0.62–40 0.21 0.996
3 Pentachlorophenol 93 ± 3 0.30–30 0.10 0.996
Pentachlorophenol (pH 5.0) 83 ± 2
4 Bisphenol A 91 ± 2 1.70–150 0.61 0.998
5 β –estradiol 90 ± 2 3.30–260 1.10 0.995
6 Irgasan 90 ± 2 0.90–80 0.30 0.999
Irgasan (pH 7.0) 84 ± 3
Average 90 ± 2
HAAs
1 Monochloroacetic acid 76 ± 1 0.39–40 0.13 0.995
2 Monobromoacetic acid 82 ± 2 0.30–40 0.10 0.995
3 Dichloroacetic acid 85 ± 2 0.33–40 0.11 0.996
4 Trichloroacetic acid 80 ± 2 0.27–40 0.09 0.996
5 Bromochloroacetic acid 80 ± 2 0.26–40 0.09 0.994
6 Dibromoacetic acid 86 ± 3 0.25–40 0.08 0.994
Average 82 ± 4
No Analyte Linear range 
(µg/L)
Table 2. Extraction yields and analytical performance characteristics for the gas chromatographic
determination of PAHs, phthalates, musks, phenolic compounds and HAAs using the
cotton–GR–aminosilica sorbent
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reasonably match the array of hexagonal carbon rings on the GR surface of 
cotton to extract them from aqueous solutions. The behavior of phthalates, 
which share in common the single benzene ring in their structure and are 
extracted at comparable yields was in agreement with the above observation, 
although their hydrophobicities differ significantly to each other. 
HAAs are the least hydrophobic of the analytes studied with some of 
them being strongly acidic (pKa values range from 0.5 to 2.9). Their extraction 
from water is not an easy task because of their low molecular masses and the 
highly water-soluble character. Acidification was proven suitable for the 
extraction of HAAs in the aminosilica–GR–cotton sorbent since it suppresses 
their dissociation in aqueous samples. But actually, very low pH was not a 
prerequisite for their quantitative extraction, as high extraction efficiencies can 
also be achieved at higher pH values. As already mentioned, an increase in the 
pH, diminished the extraction yield but not to a considerably high degree 
(Figure 3), pointing to the prominent role of other mechanism(s) in their 
extraction with cotton–GR–aminosilica. In this vein, the hydrogen bonding 
(hydrophilic interactions) and ionic interactions could not be overlooked. The 
residual oxygen-containing groups on the sorbent can participate in hydrogen 
bonding with carboxylic acids, which are both hydrogen-bond acceptors 
(carbonyl group) and hydrogen-bond donors (hydroxyl group). Amino groups 
can behave in much the same way with carboxylic groups since the protonated 
amine–groups on aminosilica behave as hydrogen-bond donors. 
Examining the behavior of the individual HAAs, the above assumptions 
on the extraction mechanism(s) of the sorbent were able to be supported. 
Monochloroacetic acid and monobromoacetic acid were extracted from the 
sorbent at 76% and 82%, respectively although both are polar and almost 
quantitatively in molecular (non-ionized) form, at pH 1.0. We may assume that 
Br atom having more electrons than Cl provides bromochloroacetic acid with 
larger molecular polarizability and higher hydrophobicity, rendering its 
partition to the GR on sorbent more favorable. In addition to above, the 
extraction yields of the sorbent for dichloroacetic acid and bromochloroacetic 
acid, at pH 1.0 were 85% and of 80%, respectively, although the two HAAs have 
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no obvious differences in hydrophobicity and acidity (see log KOW and pKa 
values of Table S1). This behavior was not in concurrence with their differences 
in polarizability and hydrophobicity but most likely had to do with the role of 
ionic interactions between sorbent and the ionizable analytes. Calculation of the 
fractions of their chemical species confirmed the foregoing assumption, as 36% 
of the total species of dichloroacetic acid and 30% of bromochloroacetic acid 
exist in ionic form in aqueous solutions at pH 1.0. The point made before for 
ionic interactions was further supported by the decrease in the extraction yield 
of HAAs at increased concentrations of NaCl, at pH 3.0 (data not shown). The 
sorbent exhibits a positive charge at solution pH values below the pHPZC and a 
net negative charge at pH values above the pHPZC. Being in the anionic forms, 
HAAs may compete with chloride anions for the adsorption sites on cotton–
GR–aminosilica. 
As far as phenols are concerned, their retention behavior can be 
accounted for, to a high degree, by the net signs of surface charge of the sorbent 
and of species of the analytes, at different pH values. A reduction in the 
extraction capacity of cotton–GR–aminosilica, which set in above pH 8.0, might 
be attributed to the weakened hydrophobic interactions (phenols are 
significantly deprotonated) and the repulsive electrostatic interactions 
established between the negatively charged surface of the sorbent and most of 
the phenolate anions. Apart from the enhanced electrostatic repulsion between 
the sorbent and the anionic targets, the competition between them and the 
hydroxyl ions at alkaline pH for the adsorption on the sorbent active sites 
hindered their adsorption giving rise to the lower recoveries at high pH values. 
The large adsorption affinity of phenolics for GR at lower pH values could 
reasonably be attributed to the following: (i) the enhanced hydrophobic 
interactions of GR with phenols in molecular form, (ii) the ̟–̟ interactions of 
the benzene rings with the aromatic rings of GR planes and (iii) the hydrogen 
bonds of hydroxyl groups of phenols and the residual oxygen–containing group 
on GR. 
Pentachlorophenol and irgasan have the highest hydrophobicity and the 
lowest pKa values, among phenols studied and they merit a particular mention. 
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Their deprotonation to anions sets in above pH ~3 and 6, respectively. Although 
pentachlorophenol and irgasan are in anionic form to a considerable degree, at 
pH 5.0 and 7.0, respectively, they were obviously extracted at high yield. At 
sample pH close to or higher than the pKa of the analytes, a lot of molecules 
would possess negative charges, a fact which made them less hydrophobic 
suppressing the ̟–̟ electron coupling with the GR. Below or near pHPZC (i.e. 
6.7), the sorbent exhibited attractive behavior towards the completely 
deprotonated pentachlorophenol and partially deprotonated irgasan, in 
addition to the weakened ̟–̟ and hydrophobic interactions. 
3.5. Quantitative analysis and application 
3.5.1. Figures of merit 
The extraction yields, the figures of merit of the calibration curves, and 
limits of detection obtained under the optimized conditions for analysis are 
summarized in Table 2. The extraction yields ranged from 76 to 96% 
corroborating the high degree of affinity with the groups of compounds. The 
linearities were acceptable with coefficients of determination (R2) higher than 
0.994 for all the tested analytes varied. The limits of detection, calculated as 3 
times the standard deviation of the obtained peak area at the lowest sample 
concentration divided by the slope of the calibration curve, were in the interval 
between 0.06 and 1.10 µg/L. Conceivably, improved sensitivity and lower 
detection limits can be attained by further lowering the final volumes of the 
organic solvents, after condensation. The within-cotton repeatability and 
between-cotton reproducibility, were below 7.5% and 10%, respectively. 
3.5.2. Sample analysis 
The cotton–supported GR–aminosilica was validated for the enrichment 
of analytes in two natural water samples including river water (Louros river, 
Epirus, Greece) and lake water (Pamvitis Lake, Epirus, Greece). Three two-ring 
PAHs i.e. naphthalene, acenaphthene and anthracene and two phthalates i.e. 
diethyl phthalate and dibutyl phthalate were detected in the lake water, the 
Capítulo 6 
 
284   
concentrations of which ranged from 0.48 to 11 µg/L. In river water, only the 
two phthalates were detected at non-quantifiable concentrations. The accuracy 
of the method was evaluated in fortified lake water at a spiking level of 3 to 10 
times the lowest quantifiable concentration, as appears in the linear ranges of 
the analytes (Table 2). Good recoveries were obtained by the cotton–GR–
aminosilica, which ranged from 86% to 104% for all the studied analytes. 
(Chromatographic traces obtained for spiked lake water are given in Figure S3 
of Supplementary material). 
4. Conclusion 
This work describes a proof-of-concept innovative extraction procedure 
for an easily applicable cotton-supported GR–aminosilica, as sorbent. The 
results for the extraction of PAHs, phthalates, musks, pehnolics and HAAs 
underpin the contribution to the extraction procedure of ̟–̟ and hydrophobic 
interactions, electron polarizability, hydrogen bonding and ionizability. Unlike 
other reported synthetic routes, where amino silica particles are encapsulated 
by GR, in this configuration the amino groups are free to interact with ionized 
analytes in aqueous solutions, for extraction purposes in the presence of the 
supporting cotton fibers. This enhances the role of the positive charges of amino 
groups on GR–modified cotton along with the presence of GR. The method 
extraction technique does not require any sophisticated device; it is practical 
and effective for a gamut of compounds with a wide range of polarity and 
functional groups signifying a rather broad applicability. Considering the 
above, the concept of cotton–GR–aminosilica may be promising in the 
preconcentration-clean-up of organic pollutants. Other cotton modifications to 
alter the hydrophobicity and add other functional groups are underway. 
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Chromatographic conditions 
Helium (purity ≥ 99.999%) was used as the carrier gas, at a flow rate of 
1.0 mL/min. The injection volume was 1 µL, injected in splitless mode, hold for 
60 s and then purge at a split ratio of 1:50. Separation of the derivatized HAAs 
was conducted on a Supelco Equity–1701 fused–silica capillary column (30 m × 
0.25 mm i.d., 0.25–µm film thickness). The GC program was as follows: initial 
temperature 40 ºC, held for 10 min, rise at 7.0 ºC/min to 230 ºC, hold for 7 min. 
The injector and ECD temperature were maintained at 250 ºC and 270 ºC, 
respectively. All the other separations were performed on a Supelco MDN–5 
fused–silica capillary column (30 m × 0.25 mm i.d., 0.25–µm film thickness). The 
GC conditions were set as follows: injector temperature, 250 ºC; initial oven 
temperature, 150 ºC for 2 min, programmed to 290 ºC at 10 ºC/min and then 
maintained at 290 ºC for 4 min; transfer line temperature, 290 ºC. 
Synthesis of GO and GR 
A 9:1 mixture of H2SO4 (95%)/H3PO4 (85%) (120:13 mL) was added to a 
mixture of graphite powder (1.0 g) and KMnO4 (6.0 g). The temperature was 
maintained at 50 ºC under stirring for 24 h. Then, it was cooled to room 
temperature and poured into cool water (130 mL) containing 30% H2O2 (6 mL) 
in an ice bath. Supernatant was decanted away after settling overnight and the 
remaining solid was stirred overnight after the addition of 37% HCl (60 mL). 
The mixture was centrifuged for 10 min at 4000 rpm and washed several times 
with double distilled water (DDW) till the pH of solution was almost neutral. 
Finally, the solid was washed with pure ethanol (3 × 25 mL) followed by 
centrifugation. Ethanol was removed by rotary vacuum evaporation and dried 
in vacuum oven to get graphene oxide. 
The GO was deoxidized in a mixture of distilled water (10 mL) and 
hydrazine solution (35 wt % in water, 100 µL), refluxed at 90 ºC for 24 h to give 
the graphene. The black solid was isolated, washed twice with ethanol and 
dried at 60 ºC overnight. 
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Synthesis of aminosilica nanoparticles 
1.3 mL tetraethoxysilane was added into 5 mL ethanol and stirred for 10 
min. To this solution, 3 mL of ammonia in 22.7 mL of ethanol was added drop-
by-drop and stirred for 4 h to get silica nanoparticles. The particles were washed 
several times with ethanol and dried under nitrogen atmosphere. 
For amino-functionalization, the reaction was followed by the addition 
of 0.5 mL of 3–aminopropyltriethoxysilane to 5 mL of methanol and the reaction 
was continued overnight. The functionalized nanoparticles were separated by 
centrifugation and then washed by methanol 3 times. The white powder was 
dried at 50 °C overnight. The successful attachment of amino groups was 
confirmed quickly with the ninhydrin test (0.3% in 95:5 v/v butanol:acetic acid), 
which produced a deep violet color in the presence of amino groups. 
Characterization of GR and functionalized cottons 
The surface area of nanoparticles was calculated based on N2 adsorption-
desorption porosimetry according to the BET (Brunauer-Emmett-Teller) 
method. The determination of the isotherms was carried out in an Autosorb–1 
(QUANDACHROM) porosimeter. Before measurement, the sample was 
degassed at 80 ºC, for 5 h. 
The morphology of the material was examined with scanning electron 
microscopy (SEM) using a JOEL microscope (JEOL JSM–5600, Tokyo, Japan). 
Elemental analysis of C and N was carried out using a Vario Macro CNS 
(Elementar Analyzensysteme GmbH, Hanau, Germany). The point of zero 
charge (pHPZC) values (the pH where the electrical charge density on a surface is 
zero) of the modified cotton and pure materials were determined in degassed 
0.01 M NaNO3 solutions, at 20 ºC.4 Thirty mL of 0.01 M NaNO3 solutions were 
taken and mixed with 30 mg of NPs, in different beakers. The pH values of the 
solutions were adjusted to 2, 3, 4, 5, 6, 7, 8, 9 using solutions of HNO3 and 
NaOH. The initial pH of the solution was recorded with an Autocal PHM83 pH 
meter from Radiometer (Copenhagen, Denmark) and each flask was covered 
with parafilm and shaken for 24 h. The final pH values of the solutions were 
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recorded and the difference between initial and final pH (the so-called ∆pH) 
was plotted against the initial pH values. The pHpzc values were calculated 
from ∆pH versus pH plots, at the pH where ∆pH=0. 
Derivatization 
After elution, the HAAs were derivatized at 50 ºC, for 2 h using the U.S. 
EPA method 552.2.1 Subsequently, 1 mL of methyl tert-butyl ether was added 
and the organic solvent was neutralized with a saturated solution of sodium 
bicarbonate. The solvent layer was collected, concentrated to 200 µL with a 
nitrogen stream and analyzed by GC–ECD.2 As for the phenolic compounds, 
after elution they were derivatized according to a procedure described 
elsewhere.3 The extract was concentrated to 200 µL and analyzed by GC–MS. 
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Selected ions 
(m/z )
PAHs –
Naphthalene 3.34a – 128
Acenaphthene 3.96
a – 154
Acenaphthylene 4.08a – 152
Fluorene 4.20
a – 166
Phenanthrene 4.52a – 178
Anthracene 4.56
a – 178
Fluoranthene 5.07a – 202
Pyrene 5.08
a – 202
Benzo[a ]anthracene 5.91a – 228
Chrysene 5.73
a – 228
Benzo[b ]fluoranthene 6.06a – 252
Benzo[a ]pyrene 6.20
a – 252
Dibenzo[a,h ]anthracene 6.47a – 278
Phthalates
Diethyl phthalate 2.72b – 149, 177
Dibutyl phthalate 4.46
b – 149, 104
Dicyclohexyl phthalate 5.80b – 149, 167
Dioctyl phthalate 7.94
b – 149, 279
Musks
Tonalide 5.7c – 243
Galaxolide 5.9
c – 243
Traseolide 6.3c – 215
Celestolide 6.6
c – 229
Phantolide 6.7c – 229
Phenolic compounds
4–tert –butylphenol 3.39d a e 135, 163
4–n –octylphenol 5.60
d a e 107, 206
Pentachlorophenol 5.04d 4.7d 251, 266
Bisphenol A 3.64
d
9.6, 10.2
d 285, 241
β –estradiol 4.01d a e 162, 272
Irgasan 5.34
d
8.1
d 289, 317
HAAs
Monochloroacetic acid 0.22f 2.87f –
Monobromoacetic acid 0.41f 2.89f –
Dichloroacetic acid 0.92f 1.26f –
Trichloroacetic acid 1.33f 0.51f –
Bromochloroacetic acid 1.14f 1.39f –
Dibromoacetic acid 1.69f 1.47f –
Bromodichloroacetic acid 2.31f 1.09f –
Chlorodibromoacetic acid 2.91
f
1.09
f –
Tribromoacetic acid 3.46f 2.13f –
d Data taken from CAS Scifinder database: http://www.cas.org/products/scifindr/index.html.
a e The pKa values are around 10 and thus require a pH of at least 12 for complete ionization. Data taken
from reference 8.
f
 Data taken from reference 9.
KOW : Octanol–water partition coefficient: http://logkow.cisti.nrc.ca/logkow/search.html.
For reasons of comparison, nonane with log K OW = 5.29 was employed.
Table S1. Physical–chemical properties of the analytes studied and selected ions for the quantification
with GC–MS in SIM mode
Analyte log K OW pK a
a
 Data taken from reference 5.
b Data taken from reference 6.
c Data taken from reference 7.
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Figure S1. Images of pure cotton pad (A), cotton-graphene 
oxide (B) and cotton-graphene-aminosilica(C). 
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Figure S2. Effect of solvent on the elution of the analytes. 
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Figure S3. Chromatographic traces of spiked lake water. PAHs (A), phthalates (B), musks (C), 
phenolics (D) with GC-MS and haloacetic acids (E) with GC-ECD. The peaks are identified with 
the numbers from Table 3. 
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En este Capítulo se pretende ofrecer una panorámica general de los 
resultados más relevantes alcanzados en esta Memoria dentro de los objetivos 
marcados en la misma. Para ello los resultados experimentales se han dividido 
en 3 bloques. En el primer bloque se exponen las muestras y analitos objeto de 
estudio. En el segundo bloque se discuten los métodos de extracción 
desarrollados para la determinación de HAAs. Asimismo, se resaltan las 
ventajas e inconvenientes de cada uno de ellos en relación con la aportación 
científica realizada. Finalmente se incluyen los aspectos más relevantes en 
relación a las aplicaciones de las metodologías desarrolladas. Las muestras 
diana de esta Memoria son las aguas tratadas porque es dónde aparecen 
fundamentalmente estos compuestos como consecuencia de la desinfección del 
agua. Sin embargo también se aborda la aplicación a muestras de orina desde el 
punto de vista de la evaluación de personas expuestas en piscinas. A lo largo de 
la Tesis Doctoral surgieron nuevos objetivos en relación a la determinación de 
estos analitos en bebidas alcohólicas y productos hortícolas. Cabe destacar la 
falta de información en la bibliografía acerca de la presencia de DBPs en estas 
matrices. 
1. Sistema en estudio 
1.1. Analitos diana 
 Los analitos abordados como especies en estudio durante todo el 
desarrollo de la Tesis Doctoral han sido los HAAs, que son subproductos de la 
desinfección del agua, como ya se ha comentado en la Introducción de esta 
Memoria (Capítulo 1). Estos compuestos son el segundo tipo de DBPs más 
importante después de los THMs y los más abundantes de la fracción no volátil. 
Se han seleccionado los HAAs que pueden aparecer como subproductos de la 
desinfección del agua, que incluyen los 9 ácidos acéticos clorados y bromados 
(los 5 HAAs regulados por la U.S. EPA y los 4 que se pretenden regular en la 
próxima fase de la Norma D/DBP). Además, al final de la Tesis Doctoral se 
aborda el estudio de ácidos acéticos yodados emergentes, que constituyen un 
nuevo grupo de DBPs descubiertos recientemente, más tóxicos que sus 
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homólogos clorados y bromados. En este contexto, la aportación más relevante 
de esta Memoria es el desarrollo de metodologías específicas para la 
determinación de todas estas especies conjuntamente, así como la 
determinación de HAAs en alimentos, debido a la ausencia de métodos en la 
bibliografía y a la escasa información referente a la presencia de DBPs en estas 
matrices. 
1.2. Muestras 
Las muestras incluidas en el desarrollo experimental de esta Memoria se 
pueden dividir en 3 grupos perfectamente diferenciados: i) agua, 
mayoritariamente aguas tratadas de grifo y de piscina que se han abordado en 
los Capítulos 3 y 4, ii) orina, que se trata en el Capítulo 3 con vistas a la 
evaluación de la exposición a estos compuestos, iii) bebidas alcohólicas y 
alimentos, que se abordan en el Capítulo 5 y donde pueden aparecer HAAs 
como consecuencia de los tratamientos a los que son sometidos en la industria 
alimentaria. A continuación se describe de manera detallada las distintas 
muestras estudiadas: 
1.2.1. Aguas tratadas 
Los HAAs aparecen en las aguas como subproductos generados durante 
el tratamiento de potabilización debido a la reacción de la materia orgánica 
presente en el agua con el desinfectante. Nuestros primeros estudios se 
enfocaron a la toma y conservación de la muestra, ya que este punto es clave 
para asegurar la estabilidad de los analitos. En el caso del agua tratada es 
necesario añadir un reactivo que impida la generación de HAAs desde la toma 
de muestra hasta su análisis debido a la reacción entre el cloro residual y la 
materia orgánica. Por este motivo se añade sulfato amónico al recipiente antes 
de la toma de la muestra. Las muestras de agua se toman en botes de vidrio 
ámbar de 125 mL con tapón roscado que contenían dicha sal. En el caso de la 
toma de muestra en piscinas, se muestrearon distintos puntos de la misma y a 
diferentes profundidades para que la muestra fuera representativa. Las 
muestras se transportaron en nevera al laboratorio donde se conservaron a 4 ºC 
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hasta su análisis, período que nunca fue mayor de 2 días. Si el tiempo entre la 
toma de la muestra y su análisis excedió de 48 h, se conservaron a –20 ºC 
durante 30 días. 
1.2.2. Orina 
Los HAAs aparecen en la orina como consecuencia fundamentalmente 
de la ingestión de agua tratada. Las muestras de orina analizadas a lo largo de la 
Tesis Doctoral fueron suministradas por individuos que visitaban regularmente 
las instalaciones de una piscina cubierta y otra al aire libre, entre los que se 
pueden citar: nadadores (hombres, mujeres y niños) y trabajadores de las 
instalaciones de las piscinas (monitores, socorristas, recepcionistas y técnicos de 
mantenimiento). Además, se ha incluido en el estudio un grupo de control con 6 
sujetos que no experimentaron exposición al agua o al ambiente de ninguna de 
las piscinas o a otras exposiciones accidentales a HAAs. Se debe tener en cuenta 
una serie de precauciones durante la toma y la conservación de la muestra para 
la obtención de resultados fiables. Los voluntarios consumieron agua mineral 
como única bebida durante su participación, ya que esta no contiene DBPs y, 
por lo tanto, las concentraciones de HAAs en su orina se debieron 
exclusivamente a la contaminación procedente de las piscinas. Así mismo los 
sujetos en estudio también evitaron actividades como visitar industrias o 
tintorerías durante las 24 h antes del estudio, en las cuales puede haber 
disolventes (ej. percloroetileno) que se metabolizan a HAAs. En todos los casos, 
las muestras se tomaron en un lugar libre de exposición, fuera del recinto de la 
piscina, para evitar la posible contaminación de las mismas. Además, los 
nadadores se secaron apropiadamente antes de la toma de la muestra para 
evitar contaminación con el agua de la piscina. 
Nuestros estudios revelan que las muestras de orina se deben recoger 
antes  (blanco) y entre 20 y 30 min después de la exposición (muestras)en botes 
de polietileno de 100 mL esterilizados y cerrados herméticamente. Las muestras 
se transportaron en neveras portátiles al laboratorio y se analizaron 
inmediatamente tras su llegada o se conservaron a 4 ºC durante 8 h. Si el tiempo 
de conservación excedió de las 8 h, se pueden conservar a –20 ºC durante 30 
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días. Para este tipo de muestra fue necesario llevar a cabo un proceso de 
filtración (con filtros de celulosa) previo a su análisis. Este proceso de filtración 
no conlleva adsorción de los analitos en el filtro. 
1.2.3. Bebidas alcohólicas: vinos y cervezas 
Los 3 ácidos acéticos monohalogenados (m-HAAs), pueden aparecer en 
los vinos y otras bebidas alcohólicas por su uso fraudulento como conservantes 
o estabilizantes a causa de su actividad antimicrobiana. También se usan 
disoluciones acuosas de estos compuestos como desinfectante para limpiar los 
tanques y las barricas en la industria, de manera que la bebida puede 
contaminarse con residuos de m-HAAs si estos no se limpian bien después del 
tratamiento. Las muestras de vino y cerveza se adquirieron en supermercados 
locales, se almacenaron a 4 ºC en oscuridad a su llegada al laboratorio y los 
precintos se abrieron justo antes de su análisis. Las muestras de cerveza y de 
vino rosado se desgasificaron en un baño de ultrasonidos para evitar la 
interferencia del CO2 en el espacio de cabeza del vial. Las bebidas con un 
contenido en alcohol superior al 15% (bebidas espirituosas) se deben diluir con 
agua mineral para evitar la interferencia del etanol en el análisis. 
1.2.4. Productos hortícolas 
 Los HAAs pueden aparecer en los productos de IV Gama o productos 
mínimamente procesados como consecuencia de la etapa de lavado con 
desinfectantes (comúnmente hipoclorito sódico), a la que son sometidos en la 
industria para eliminar la carga bacteriana del alimento y asegurar su calidad 
hasta el consumo. Los productos de IV Gama así como los productos hortícolas 
sin procesar que se usaron como muestra control(blanco) se adquirieron en 
supermercados locales. Las muestras de IV Gama analizadas incluyen: 40 
muestras con ingredientes individuales [3 de cebolla picada, 4 de zanahoria 
rallada, 3 de pimiento verde, 10 de escarola, 10 de lechuga (iceberg, batavia y 
romana), y 10 de espinaca] y 60 de ensaladas listas para consumir, que 
contenían de 3 a 5 ingredientes como lechuga (diferentes variedades), escarola, 
zanahoria, espinaca y col lombarda. Todas las muestras se conservaron en su 
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envase original refrigeradas, según las indicaciones del etiquetado, y se 
analizaron antes de su fecha de caducidad. Las muestras no se lavaron antes de 
su análisis dado que los HAAs se encuentran en la superficie del alimento. El 
estudio llevado a cabo sobre la estabilidad de los HAAs en el vegetal fortificado 
reveló que 4 especies (MCAA, MBAA, CDBAA y TBAA) sólo permanecen 
estables durante 36 h, mientras que las otras 5 (DCAA, TCAA, BCAA, DBAA, 
BDCAA) permanecen inalteradas en el alimento hasta 3 días. Por lo tanto para 
asegurar la interacción de los analitos con la matriz y la estabilidad de los 9 
HAAs en la muestra (patrón), la fortificación se hizo overnight (24 h). 
2. Desarrollo de metodologías para la determinación de 
ácidos haloacéticos 
A lo largo de la presente Memoria se ha intentado desarrollar 
metodologías simples y sensibles para la determinación de HAAs en aguas 
tratadas. Durante el desarrollo experimental de dicha Memoria se han 
empleado varias técnicas de extracción que serán discutidas con detenimiento a 
continuación. De todas las metodologías desarrolladas, la técnica de espacio de 
cabeza estático, ha sido la más empleada en la Tesis Doctoral y será por tanto, 
discutida con más detalle. 
2.1. Métodos de extracción 
2.1.1. Espacio de cabeza estático 
La técnica de espacio de cabeza estático (HS) ha sido la más empleada en 
la presente Memoria. En la Figura 1, se observa un esquema del módulo de 
espacio de cabeza utilizado. 
 La muestra líquida o sólida con los reactivos correspondientes se 
introduce en un vial sellado que se calienta en un horno con agitación mecánica 
durante unos minutos hasta que se alcanza el equilibrio. A continuación se 
presuriza el vial introduciendo helio para favorecer la volatilización de las 
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especies. Mediante una válvula de venteo la fase gaseosa del vial llena el bucle 
de 3 mL conectado a una válvula de inyección de 6 vías, y que se corresponde 
con la cantidad de muestra que se introduce en la columna cromatográfica. Las 
variables del sistema que inciden en la calidad de los resultados obtenidos son 
de dos tipos: i) instrumentales, basadas en parámetros de la propia 
instrumentación empleada (temperatura, tiempo de equilibración, presurización 
y venteo del vial), y ii) químicas, basadas en parámetros de la propia muestra 
(cantidad de muestra, pH de la misma o adición de sales, reactivos o 
modificadores). El valor establecido para cada variable se fijó en base a un 
proceso previo de optimización del sistema en el cual se tuvieron en cuenta 
criterios de sensibilidad, selectividad, precisión y simplicidad. 
 
Figura 1. Diagrama esquemático del módulo de espacio de cabeza. 
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i) Variables instrumentales 
En la Tabla 1 se enumeran las variables instrumentales estudiadas a lo 
largo del desarrollo experimental de esta Memoria, con el fin de poder ser 
comentadas a continuación con más detalle. 
 
La temperatura del horno y el tiempo de equilibración fueron los 
parámetros más importantes, ya que afectan a la derivatización y volatilización 
de los HAAs así como a su estabilidad. En primer lugar se puede observar que 
las condiciones son más suaves cuando se trabaja con muestras simples (agua) 
en relación a muestras más complejas (orina, bebidas alcohólicas y productos 
hortícolas). El análisis de orina, bebidas alcohólicas y productos hortícolas exige 
el empleo de una temperatura o un tiempo de equilibración más alto para evitar 
efectos matriz. En este sentido, hay que tener en cuenta los problemas 
relacionados con la degradación de los analitos más inestables a altas 
temperaturas en el horno, fundamentalmente los ácidos trihaloacéticos 
bromados, aunque estas especies inestables no se encuentran normalmente en 
las aguas tratadas. Todo esto hace que haya que adoptar una solución de 
compromiso entre el tiempo de equilibración y la temperatura del horno para 
asegurar la derivatización y volatilización de los analitos diana y minimizar su 
degradación a THMs. En relación a estos parámetros, una temperatura del 
horno de 70 ºC y un tiempo de equilibración de 20 min proporcionó los mejores 
resultados para la mayoría de los analitos diana tanto en orina como en 
productos hortícolas. Mención aparte merece el vino debido a la gran cantidad 
de compuestos volátiles en el mismo, que se volatilizan a altas temperaturas en 
el horno y causan la saturación del espacio de cabeza y además solapan con los 
Muestra Capítulo Tiempo de 
equilibración (min)
Temperatura de 
equilibración (ºC)
Agua 3 20 60
Orina 3 20 70
Bebidas alcohólicas 5 30 60
Productos hortícolas 5 20 70
Tabla 1. Variables del HS empleadas para cada tipo de muestra
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analitos en el cromatograma. Por este motivo el análisis de las bebidas 
alcohólicas se llevó a cabo a una temperatura de 60 ºC y el tiempo de 
equilibración se incrementó a 30 min para evitar interferencias procedentes de 
compuestos volátiles presentes en la matriz. 
Una vez que se genera el espacio de cabeza la inyección en el 
cromatógrafo de gases tiene lugar en dos etapas: presurización del vial y 
llenado del bucle por el venteo del vial. No obstante los tiempos de 
presurización y de venteo no afectaron de manera significativa a ninguno de los 
9 HAAs estudiados. Finalmente se seleccionó un tiempo de presurización de 30 
s y un tiempo de venteo de 12 s para todos los tipos de muestras. 
ii) Variables químicas 
En la Tabla 2 se recogen los valores óptimos de las variables químicas 
para cada tipo de muestra. 
 
Respecto a la cantidad de muestra se debe diferenciar entre muestras 
líquidas (agua, orina y bebidas alcohólicas) y sólidas (productos hortícolas). En 
la técnica de espacio de cabeza estático lo habitual es trabajar con una relación 
de volúmenes de muestra:espacio de cabeza igual a 1:1. Por ello en la 
metodología desarrollada para aguas y bebidas alcohólicas se emplearon 10 mL 
de muestra en viales de 20 mL. En cambio para el caso de la orina, se empleó un 
volumen de muestra más elevado (12 mL) para obtener una mayor sensibilidad 
en esta metodología, debido a que los HAAs se excretan en la orina a niveles de 
ng/L. En el caso de las muestras de productos hortícolas, se empleó una 
cantidad de muestra de 3 g y 10 mL de una disolución acuosa de Na2SO4 para 
Muestra Capítulo Cantidad de 
muestra
Concentración 
Na2SO4 (g/mL)
pH de la 
disolución
DMS 
(µL)
TBA-HSO4, 
µL (M)
n -pentano 
(µL)
Agua 3 10 mL 0.5 2.8 100 125 (0.05) 150
Orina 3 12 mL 0.5 5.5-6.5 125 100 (0.5) 200
Bebidas alcohólicas 5 10 mL 0.5 2.0 500 150 (1) 300
Productos hortícolas 5 3 g 0.5 4.0 100 125 (0.05) 150
Tabla 2. Variables químicas empleadas para cada tipo de muestra
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llevar a cabo el lixiviado de los analitos de la superficie del vegetal, lo que 
asegura una correcta homogeneización durante la equilibración del vial en el 
horno. 
La adición de sales es un parámetro clave en la técnica de espacio de 
cabeza. La adición de sal a la muestra en el caso de muestras líquidas o a la 
disolución extractante en el caso de muestras sólidas, favorece el paso de los 
analitos a la fase gaseosa debido al incremento de la fuerza iónica de la 
disolución reduciendo la temperatura y el tiempo necesario para alcanzar el 
equilibrio. A su vez, minimiza la evaporación de agua al aumentar la actividad 
de la disolución y por lo tanto reduce la entrada de agua en el cromatógrafo de 
gases y en el detector. Como se puede observar en la Tabla 2, debido a la alta 
polaridad y solubilidad en agua de estos compuestos, en todos los casos se 
estableció como óptima una concentración de Na2SO4 de 0.5 g/mL (disolución 
saturada). 
La optimización del pH es un parámetro clave para obtener la mayor 
señal de los analitos diana ya que está relacionado con la eficiencia de la 
derivatización así como con la generación del espacio de cabeza. En la Tabla 3 
se muestran los valores de pKa de los HAAs. A la vista de estos valores no todas 
las especies se encuentran totalmente disociadas al pH de la muestra de agua 
(2.8), pero la reacción de derivatización está muy favorecida y este valor de pH 
es suficiente en matrices simples. Sin embargo, en el caso de matrices más 
complejas como la orina hay que desplazar el pH a zonas menos ácidas para 
asegurarla disociación de todas las especies. De hecho el intervalo óptimo de pH 
se encuentra entre 5.5 y 6.5 que coincide con el pH de la muestra una vez 
añadido los reactivos, que por lo tanto este intervalo se seleccionó. La 
optimización del pH es clave en el caso de las muestras de vino ya que los 
ácidos orgánicos (tartárico, málico y cítrico) pueden competir con los analitos 
diana por los reactivos derivatizantes como se observa por los valores de pKa en 
la Tabla 3. En este caso, la utilización de un pH de la muestra muy ácido (pH 2) 
mejora la selectividad del método debido a que en estas condiciones la mayor 
parte de los ácidos orgánicos en el vino se encuentran en su forma no disociada, 
mientras que los analitos se encuentran disociados y por ello se ve favorecida su 
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metilación. Por último en relación a los productos hortícolas el intervalo de pH 
óptimo se encuentra entre 3 y 5, seleccionándose un punto intermedio para 
minimizar la degradación del vegetal en medio más ácido. 
 
En relación a la derivatización, se descartaron aquellos reactivos que 
implican la metilación de los HAAs en medio orgánico después de una etapa de 
extracción, con vistas a reducir el tiempo de tratamiento de la muestra y 
simplificar el método. Por ello, se seleccionó la derivatización con dimetilsulfato 
(DMS) como reactivo derivatizante y un agente de pares iónicos como 
catalizador que incrementa el rendimiento de la esterificación porque tiene 
lugar directamente en medio acuoso. En este estudio se optó además por añadir 
alícuotas de un disolvente orgánico como modificador para favorecer la 
volatilización de los analitos ya que actúa como extractante. Los resultados 
revelaron que n-pentano actúa efectivamente como modificador debido a su 
menor punto de ebullición y menor solubilidad en agua que otros disolventes 
ensayados. La inclusión de esta etapa de microextracción líquido-líquido con n-
pentano minimiza la degradación de los HAAs, probablemente porque éstos se 
estabilizan en el medio orgánico, donde la ausencia de agua evita su hidrólisis y 
su posterior descarboxilación a sus respectivos THMs. Como se puede ver en la 
Ácidos haloacéticos pKa Ácidos orgánicos del vino pKa1 pKa2 pKa3
Ácido monocloroacético (MCAA) 2.87 Ácido tartárico 3.04 4.37
Ácido monobromoacético (MBAA) 2.89 Ácido málico 3.40 5.11
Ácido dicloroacético (DCAA) 1.26 Ácido cítrico 3.14 4.77 6.39
Ácido tricloroacético (TCAA) 0.51
Ácido bromocloroacético (BCAA) 1.39
Ácido dibromoacético (DBAA) 1.47
Ácido bromodicloroacético (BDCAA) 1.09
Ácido clorodibromoacético (CDBAA) 1.09
Ácido tribromoacético (TBAA) 2.13
Ácido monoyodoacético (MIAA) 3.18
Ácido cloroyodoacético (CIAA) 1.47
Ácido bromoyodoacético (BIAA) 1.67
Ácido diyodoacético (DIAA) 2.24
Tabla 3. Valores de pKa
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Tabla 2 se requiere más volumen de n-pentano en el análisis de bebidas 
alcohólicas posiblemente debido a la miscibilidad con el etanol. El agua y los 
productos hortícolas requieren menor concentración de reactivos debido a que 
la reacción de derivatización está más favorecida. En cambio la orina requiere 
un mayor exceso de reactivos debido a los ácidos presentes en esta matriz que 
pueden competir con los analitos. Cabe resaltar el gran exceso de reactivos 
derivatizantes que hay que añadir a la muestra en el caso del vino (500 µL 
DMS), lo cual se justifica para asegurar la derivatización de los HAAs frente a 
los ácidos orgánicos. 
Las sales de amonio cuaternario como el TBA–HSO4 se utilizan 
comúnmente como catalizador de transferencia de fases, el cual facilita la 
migración de compuestos iónicos de una fase acuosa a otra orgánica. Por lo 
tanto el mecanismo de derivatización de HAAs se explica como una catálisis de 
transferencia de fases. En un sistema de dos fases, la fase orgánica (n-pentano) 
se dispersa en la fase acuosa por la agitación, aumentando así el área de 
contacto entre las dos fases. En el sistema químico considerado, los HAAs (R–
COOH) se convierten in situ en el correspondiente anión en medio acuoso, 
produciendo un par iónico con TBA–HSO4 (R–COO− N+–R4´), el cual difunde 
desde la fase acuosa hasta la orgánica gracias a la lipofilicidad del catión de 
tetrabutilamonio. Después, los HAAs reaccionan con DMS, (CH3)2SO4, en medio 
orgánico para producir los ésteres metílicos y el catión tetrabutilamonio libre se 
vuelve a transferir a la fase acuosa. Finalmente, los ésteres junto con la fase 
orgánica de n-pentano (extracto) se volatilizan. El mecanismo propuesto de 
extracción/derivatización de los HAAs se muestra en la Figura 2. 
 
Figura 2. Mecanismo de extracción/metilación de HAAs. 
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A tenor de estos resultados se optó por seleccionar este mecanismo de 
derivatización en las siguientes metodologías, dada la posibilidad de llevar a 
cabo la extracción/metilación de los analitos diana simultáneamente en una sola 
etapa, simplificando el procedimiento analítico a la vez que se minimiza su 
degradación. 
El estudio de degradación de los HAAs llevado a cabo en las condiciones 
óptimas del método reveló que 5 especies (MCAA, MBAA, DCAA, BCAA Y 
DBAA) son estables en las condiciones establecidas, en cambio los ácidos 
acéticos trihalogenados se degradan en alguna extensión. TCAA, BDCAA Y 
CDBAA  se degradaron menos de un 10% a sus respectivos THMs, mientras que 
TBAA, el compuesto más inestable, se degradó alrededor de un 30% a 
bromoformo. 
Los rendimientos de la derivatización y de la extracción proporcionados 
por el método son del 80 y 93% respectivamente. 
2.1.2. Microextracción en fase sólida 
El método de derivatización descrito anteriormente para HS se extendió 
a la técnica de SPME en la modalidad de espacio de cabeza. Para ello se 
añadieron al vial los mismos reactivos que en el caso de la técnica de HS (sal, 
DMS, TBA–HSO4 y n-pentano como modificador). La fibra de SPME se expone 
al espacio de cabeza sobre la muestra y se calienta a 45 ºC durante 25 min para 
realizar la derivatización, volatilización y el reparto de los analitos entre la fase 
gaseosa y el recubrimiento de la fibra. Finalmente se lleva a cabo la desorción 
térmica de los derivados en el portal de inyección del cromatógrafo de gases a 
250 ºC. 
En este caso hay que tener en cuenta los problemas relacionados con la 
presencia de disolventes orgánicos en la muestra (n-pentano y DMS), los cuales 
pueden competir con los analitos por los sitios activos de la fibra así como 
reducir su vida media. Por ello, el primer estudio llevado a cabo con estándares 
de los ésteres metílicos de los HAAs se basó en la selección de la fibra más 
adecuada, estudiando 4 recubrimientos de diferentes polaridades: poliacrilato 
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(PA), polidimetilsiloxano (PDMS), carbobax-resina templada (CW–TPR) y 
carboxen-polidimetilsiloxano (CAR–PDMS), con vistas a obtener la mayor 
eficiencia de la extracción para los 9 ésteres metílicos de los HAAs sin 
detrimento de la vida de la fibra. Las fibras de PDMS y CW–TPR 
proporcionaron porcentajes de recuperación muy bajos. Además, la fase de 
PDMS se hincha en presencia de disolventes orgánicos apolares como n-pentano 
y resulta dañada cuando se retracta dentro de la aguja, y por lo tanto sólo puede 
reutilizarse 6 veces. La fibra de PA sólo permitió extraer pequeñas cantidades 
de 4 HAAs y se pudo reutilizar entre 5 y 7 veces. La mejor eficiencia para la 
extracción de las 9 especies se consiguió utilizando la fibra de CAR–PDMS, con 
recuperaciones entre 1 y 10 veces mayores que las obtenidas con la fibra de CW–
TPR. Esto se puede atribuir a la fuerte retención de los analitos en los poros de 
la fase polimérica de CAR–PDMS. Además con esta fibra se obtuvo una 
precisión más elevada y la vida de la fibra se prolongó (50–60 extracciones). 
El estudio de las variables que afectan a la volatilización de los 
disolventes al espacio de cabeza es crítico. En este sentido, las variables más 
importantes a tener en cuenta son el tiempo y la temperatura de la 
extracción/derivatización así como los volúmenes de DMS y n-pentano. La 
temperatura está relacionada con el rendimiento de la extracción/derivatización 
de las especies así como con la constante de distribución de los ésteres metílicos 
entre el espacio de cabeza y el recubrimiento de la fibra. No obstante si la 
temperatura se incrementa demasiado (por encima de 45 ºC) se favorece la 
volatilización de los disolventes al espacio de cabeza del vial. Por lo tanto como 
solución de compromiso se seleccionó 45 ºC (Tabla 4). En este caso, el tiempo de 
extracción y la agitación de la muestra también son críticos para establecer el 
equilibrio entre la muestra y la fibra, ya que permiten reducir la temperatura de 
derivatización/extracción, por tanto se seleccionó agitación magnética durante 
25 min. Por otra parte, los volúmenes de n-pentano y DMS fueron cruciales, 
debido a que un exceso de estos disolventes repercute negativamente en la señal 
analítica para todos los compuestos por su volatilización y adsorción en la fibra. 
Además la presencia de disolventes orgánicos en el espacio de cabeza del vial 
también repercutió en el deterioro de la fibra, que se puso de manifiesto por la 
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presencia de picos de sangrado de la fase en el cromatograma. Para evitar este 
efecto los volúmenes óptimos de DMS y n-pentano, así como de la temperatura 
para la derivatización se han reducido con respecto al método de espacio de 
cabeza estático para minimizar la volatilización de los disolventes orgánicos 
como se observa en la Tabla 4. 
 
Es interesante remarcar también que los disolventes empleados en la 
reacción de derivatización de los HAAs deterioran el recubrimiento de la fibra, 
lo que origina numerosos picos de sangrado en el cromatograma y acorta su 
vida media (cada fibra sólo puede reutilizarse un máximo de 60 veces), lo que 
encarece el método con respecto a las demás alternativas. 
2.1.3. Microextracción en una gota de disolvente 
En primer lugar se optó por estudiar la SDME, ya que proporciona una 
alternativa a la SPME más simple y barata. Para ello una gota de 1 µL de 1-
octanol suspendida del extremo de la aguja de una microjeringa convencional se 
expuso al espacio de cabeza sobre la muestra. Los reactivos derivatizantes (DMS 
y TBA–HSO4) y el modificador orgánico (n-pentano) se añadieron a la muestra y 
el vial se calentó a 45 ºC para llevar a cabo la derivatización, extracción y 
volatilización de las especies. 
Variable
HS HS-SPME SBME MLLE/LVI-PTV
Reactivos derivatizantes DMS (100 µL) DMS (60 µL) DMS (100 µL) Metanol (0.8 mL)
125 µL TBA-HSO4 125 µL TBA-HSO4 125 µL TBA-HSO4 H2SO4 (1 mL)
Extractante (µL) n -pentano (150 µL) n -pentano (60 µL) Decano (5 µL) MTBE (250 µL)
Na2SO4 (g) 5 5 4 4
Extracción/metilación Simultánea Simultánea Simultánea Secuencial
Temperatura de derivatización (ºC) 60 45 25 55 ºC (microondas)
Tiempo de derivatización (min) 20 25 60 2
Tipo de agitación Mecánica Magnética Magnética Vortex
a Concentración de TBA-HSO4, 0.05 M.
Tabla 4. Condiciones experimentales empleadas para el análisis de 10 mL de agua en distintas metodologias
Valor óptimo
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En esta modalidad de LPME los factores relacionados con la eficiencia 
del proceso (volumen de reactivo derivatizante y de n-pentano, temperatura y 
tiempo de extracción/metilación) afectan de forma negativa a la estabilidad de 
la gota de disolvente. De hecho los disolventes se volatilizaron cuando se 
calentó la muestra a 45 ºC durante tan sólo 5 min mezclándose con la gota de 
disolvente, lo que provocó el aumento de su volumen y su caída del extremo de 
la aguja. En estas condiciones de temperatura y tiempo, la eficiencia de la 
extracción/metilación es de menos de un 10%. Por lo tanto esta modalidad se 
descartó. 
2.1.4. Microextracción en fase líquida usando fibras huecas 
Para solventar el problema de la SDME se optó por proteger la gota de 
disolvente con una membrana hueca empleando la modalidad HF–LPME en el 
espacio de cabeza. En este caso, la membrana (2 cm de longitud)se sujeta en la 
punta de la aguja de la microjeringa, la cual introduce y recoge el disolvente (1-
octanol, cuyo volumen puede incrementarse en este caso hasta 3 µL) sin que la 
estabilidad de la gota se vea comprometida. No obstante, la volatilización de la 
fase de n-pentano y de DMS cuando el vial se calentó a 45 ºC durante 15 min, 
originó una dilución del extracto ya que estos disolventes atraviesan la 
membrana y se combinan con 1-octanol, incrementado el volumen del extracto 
final. Por lo tanto esta modalidad se descartó también. 
2.1.5. Microextracción en una barra de disolvente 
Finalmente se ensayó la modalidad conocida como microextracción 
en una barra de disolvente (SBME). En esta modalidad el extractante se 
introduce dentro de la membrana hueca la cual tiene inicialmente un extremo 
sellado, a continuación se sumerge en el disolvente seleccionado para que los 
poros queden impregnados. Finalmente se introduce el extractante con ayuda 
de una microjeringa y se sella el otro extremo con calor. La barra se introduce en 
la muestra, la cual se mueve libremente con la ayuda de un agitador magnético 
para realizar la extracción/derivatización de los analitos. Una vez finalizado el 
proceso, se pincha uno de los extremos y se recoge 1 µL del extracto para su 
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inyección en el cromatógrafo. Con esta modalidad se han logrado avances en 
relación a las otras técnicas de LPME en términos de eficiencia y rapidez de la 
extracción.1 En esta configuración en forma de columna el área superficial del 
disolvente es mayor que en el caso de la gota esférica. Además, el movimiento 
de la barra de disolvente junto con el de la disolución contribuye a mejorar la 
transferencia de masa de los analitos desde la muestra al extractante y se 
consigue que la extracción sea más exhaustiva que en otras modalidades de 
LPME. En este caso la adición de n-pentano a la muestra como modificador no 
es necesaria, ya que no tiene lugar la volatilización de los ésteres dado que se 
trata de una extracción líquido-líquido miniaturizada. 
Una etapa crucial en esta técnica es la selección del disolvente orgánico 
más adecuado, el cual debe tener una baja solubilidad en agua y baja volatilidad 
para prevenir pérdidas por disolución o volatilización durante la manipulación. 
No obstante los disolventes que cumplen estos requisitos, como 1-octanol, 
tienen un punto de ebullición muy alto (~200 ºC) y una presión de vapor muy 
baja (~0.14 mmHg), y por lo tanto quedan retenidos en la columna 
cromatográfica y en la fuente de ionización del espectrómetro de masas lo cual 
origina suciedad en el instrumento y pérdida de sensibilidad. Por lo tanto un 
objetivo marcado inicialmente fue la selección de un extractante apto para su 
empleo en esta técnica pero que minimizara los problemas mencionados 
anteriormente. Por ello se ensayaron dos grupos de disolventes: 
• Disolventes con alta presión de vapor pero con buena resolución 
cromatográfica 
• Disolventes con baja presión de vapor pero con pobre resolución 
cromatográfica. 
Los disolventes con alta presión de vapor se volatilizan durante la 
manipulación de la barra de disolvente, lo que ocasiona la pérdida total o 
parcial del extracto. En cambio, los disolventes con baja presión de vapor 
proporcionaron resultados satisfactorios en relación al volumen de extracto 
recogido. Decano, seguido de 1-octanol, fueron los disolventes que 
proporcionaron las mayores eficacias en la extracción de las 9 especies y los 
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resultados más reproducibles. Finalmente se seleccionó decano como 
extractante, ya que además de aportarlas ventajas comentadas, también tiene un 
punto de ebullición más bajo que 1-octanol, y por lo tanto se minimizan los 
problemas de suciedad relacionados con la columna y la fuente de ionización 
del MS. En la optimización del volumen de extractante hay que tener en cuenta 
la longitud de la barra de disolvente debido a la dificultad en su movimiento. 
En los experimentos realizados esta barra no pudo superar los 2.5 cm de 
longitud (5 µL de decano) en viales de 15 mL. 
Los valores óptimos de las variables se muestran en la Tabla 4. En este 
método no se calienta el vial para evitar la volatilización de los ésteres; de este 
modo la extracción/derivatización de los HAAs tiene lugar a temperatura 
ambiente, con lo cual se minimiza la degradación de las especies pero también 
se ralentiza el proceso a 1 h. Por otra parte, el exceso de Na2SO4   en la muestra 
para aumentar la fuerza iónica y favorecer la extracción de los compuestos no es 
necesario, ya que las disoluciones saturadas de sal dificultan la transferencia de 
los analitos a través de la membrana, por lo tanto la cantidad empleada se ha 
reducido a 4 g. 
El mecanismo de catálisis de transferencia de fase propuesto para la 
derivatización de los HAAs en el método HS puede extrapolarse al método de 
SBME, aunque se simplifica dado que sólo están implicadas dos fases (acuosa y 
orgánica). En este método, los HAAs forman un par iónico conTBA–HSO4 (R–
COO− N+–R4´) en medio acuoso, el cual atraviesa la membrana hueca y se 
difunde a la fase orgánica (decano), donde reacciona con DMS, (CH3)2SO4, 
formando el metilhaloacetato (Figura 3). 
 
Figura 3.  Mecanismo de extracción/metilación de HAAs en la técnica de SBME. 
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Los rendimientos de derivatización y de extracción proporcionados por 
el método fueron del 80 y del 90%, respectivamente, similares a los obtenidos 
con el método HS. La eficiencia de la extracción de SBME en relación a LLE 
convencional con una relación de fases 1:1 fue aproximadamente del 5% para 7 
HAAs y de 1 y 2% para el MCAA y MBAA, respectivamente. La baja eficiencia 
de extracción que caracteriza a las técnicas de microextracción en comparación 
con la LLE convencional se debe a que no son exhaustivas, debido a que los 
volúmenes de fase orgánica son extraordinariamente pequeños en relación al 
volumen de fase acuosa usada. 
2.1.6. Microextracción líquido-líquido 
Finalmente se optó por ensayar las posibilidades de la microextracción 
líquido-líquido (MLLE) para la determinación de HAAs en agua, la cual se ha 
desarrollado y aplicado con anterioridad en nuestro grupo de investigación 
para otros DBPs.2,3  Esta modalidad LPME se basa en la miniaturización de la 
LLE convencional, reduciendo tanto como sea posible el volumen de 
extractante. Con el empleo de esta modalidad buscamos conseguir una 
extracción exhaustiva, a diferencia de todas las modalidad de LPME ensayadas 
anteriormente, en las que la extracción no es exhaustiva. 
En este método se aborda la determinación de las 9 especies cloradas y 
bromadas estudiadas hasta ahora y se incluye además 4 yodadas por primera 
vez. Se llevó a cabo un estudio sobre la posibilidad de diversos reactivos 
derivatizantes en medio orgánico y en medio acuoso (DMS/TBA–HSO4 y 
metanol ácido) con el objetivo de encontrar el más adecuado para su 
combinación con la etapa de MLLE. Estas reacciones han sido las siguientes: 
• En primer lugar se ensayó la derivatización empleada a lo largo de la 
Tesis Doctoral con DMS y TBA–HSO4  debido a su simplicidad. En este 
caso se llevó a cabo una MLLE con 200 µL de n-hexano, en lugar de n-
pentano para evitar pérdidas por volatilidad. En este caso el exceso de 
DMS, que se extrae en el disolvente orgánico a cantidades superiores de 
10 µL, aparece en el cromatograma solapando con los analitos y 
dificultando su detección. Por lo tanto esta derivatización se descartó. 
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• En segundo lugar se estudió la extracción de los 13 HAAs empleando 
400 µL de MTBE seguida de la derivatización en el extracto orgánico con 
metanol y ácido sulfúrico. Este método se basa en la miniaturización del 
método de la U.S. EPA 552.2. en el que el volumen de extractante y de 
reactivos se redujo considerablemente. No obstante no presenta ventajas 
importantes en lo que se refiere a manipulación de la muestra y tiempo 
de derivatización de los HAAs. Por lo tanto se descartó también. 
• En tercer lugar, con vistas a reducir el tiempo de análisis de las muestras 
se ensayó la derivatización de los HAAs directamente en medio acuoso 
con metanol-acido (0.8 mL de metanol y 1 mL de ácido sulfúrico 
concentrado), seguida de una extracción de los ésteres metílicos en 250 
µL de MTBE. En este caso, la eficiencia de la reacción de metilación se 
mejoró empleando energía asistida por microondas, que permitió llevar 
a cabo la derivatización en tan sólo 2 min frente a las 2 h necesarias 
empleando energía térmica convencional. En estas condiciones (50 W, 2 
min) la muestra alcanza una temperatura de 55 ºC, por lo que se evita la 
volatilización del reactivo (metanol, 65 ºC) y de los ésteres metílicos de 
los HAAs al espacio de cabeza. El extracto recogido (50 µL) se inyectó en 
un inyector de elevados volúmenes y temperatura programable (LVI–
PTV) obteniendo una mejora sustancial de la sensibilidad. Por lo tanto 
esta es la reacción que se propone para la determinación de los HAAs en 
agua de manera efectiva empleando MLLE. En este método, el extracto 
recogido se inyecta casi en su totalidad en un inyector LVI–PTV 
minimizando la generación de residuos en consonancia con la tendencia 
actual de una “Química Verde”. En este caso la optimización minuciosa 
de las variables instrumentales del inyector LVI–PTV así como la 
correcta elección del extractante es crucial para obtener resultados 
reproducibles. 
El rendimiento medio de la derivatización para 12 HAAs fue del 80% 
(40% para el TBAA debido a su degradación a bromoformo). La eficiencia de la 
extracción del proceso de MLLE en relación a la LLE convencional fue del ~90%, 
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la cual es muy favorable teniendo en cuenta la relación muestra 
acuosa/extractante (40) tan grande empleada en el proceso miniaturizado. 
2.2. Técnica de separación/detección: GC–MS 
La separación de las analitos diana se realizó a lo largo de toda la Tesis 
Doctoral empleando la cromatografía de gases acoplada a espectrometría de 
masas. La temperatura del bucle y de la interfase en el caso de la técnica de HS 
se mantuvo a 90 y 100 ºC, respectivamente. Las demás técnicas se han llevado a 
cabo recogiendo los extractos y pinchando 1µL (SBME) en un inyector 
convencional (modo split, 1:20), o 50 µL (MLLE) en LVI–PTV. En el inyector de 
elevados volúmenes las variables más importantes que se deben controlar son el 
flujo y el tiempo de venteo (60 mL/min, 0.01 min). En el método HS–SPME la 
desorción térmica de los analitos se realiza en el portal de inyección a la 
temperatura recomendada por el fabricante para cada fibra. 
La columna cromatográfica empleada fue una HP–5MS o TRB–5MS con 
una fase estacionaria compuesta por 5%–fenil–95%–metilpolisiloxano. El 
programa de temperaturas utilizado ha sido el mismo en todos los métodos, 
incluso cuando se incluyen las 4 especies yodadas: 40 ºC durante 10 min, 
seguida de una rampa de calentamiento de 5 ºC/min hasta 75 ºC donde se 
mantiene durante 15 min, después se incrementa hasta 100 ºC a 5 ºC/min y se 
mantiene 5 min, y finalmente se incrementa a 25 ºC/min hasta 250 ºC, donde se 
mantiene 2 min para que se limpie la columna y elimine cualquier posible 
interferencia de la muestra. El gas portador empleado fue helio a un caudal de 
1mL/min. 
Debido a una referencia bibliográfica del año 2005 que alude a la 
degradación térmica de los 3 ésteres metílicos clorados de los HAAs (MCAA, 
DCAA y TCAA) en el portal de inyección a partir de 170 ºC, se consideró 
necesario extender este estudio a los 9 estándares metílicos. La temperatura del 
portal de inyección se estudió entre 150 y 250 ºC realizando la inyección en 
modo splitless o con una relación de split 1:20. En nuestro estudio no se observó 
ninguna evidencia de degradación térmica de los ésteres metílicos en el 
intervalo de temperatura estudiado. Por lo tanto, la temperatura del portal de 
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inyección se fijó a 250 ºC para el resto de los experimentos (Capítulo 3, J. 
Chromatogr. A 1209 (2008) 61–69). 
La espectrometría de masas con analizador cuadrupolar ha sido la 
técnica utilizada a lo largo de todo el desarrollo experimental de la presente 
Memoria para la detección de los analitos diana. La temperatura de la fuente de 
ionización se mantuvo 250 ºC. El voltaje aplicado en la fuente de ionización para 
la fragmentación de las moléculas fue de 70 eV, y el vacío mantenido durante 
todos los trabajos fue de 30 a 40 mTorr. 
La optimización de los experimentos se realizó en la modalidad full scan 
realizando barridos desde la relación m/z 45 hasta la relación m/z 250. Para la 
determinación de los ácidos acéticos yodados el intervalo de m/z monitorizado 
se ha ampliado a 330. Una vez que los analitos han sido identificados y sus 
tiempos de retención perfectamente establecidos, el espectrómetro de masas se 
ha utilizado en modo SIM (Selected Ion Monitoring) monitorizando 3 relaciones 
m/z adecuadas: i) el ion 59 común a todos los compuestos, que corresponde al 
fragmento del carboxilo metilado y es el pico base para la mayoría de los 
analitos, y ii) los dos iones característicos de la existencia de isótopos de los 
halógenos con dos unidades más de masa. Los iones seleccionados para los 
ésteres metílicos de los ácidos acéticos yodados han sido: i) m/z 127 (ion I+), ii) 
m/z correspondiente a la pérdida del yodo (M–I)+, y iii) el ion molecular. 
2.3. Estudio comparativo de las metodologías desarrolladas 
Una vez descritos cada uno de los métodos desarrollados, se realiza a 
continuación una comparación de estos métodos entre sí. Para ello, en la Tabla 5 
se muestran los valores medios de los parámetros más relevantes de las 
metodologías, como son el tiempo y la temperatura de derivatización, los LODs, 
y los valores de RSD. Como se observa en la Tabla, los métodos de HS y 
MLLE/LVI–PTV proporcionaron los LODs más bajos, seguidos de SBME. Cabe 
destacar que en la modalidad MLLE la alta sensibilidad se debe a la inyección 
de elevados volúmenes de extracto, por lo tanto no es realmente comparable. 
Los valores de RSD proporcionados por estos 3 métodos son similares, a pesar 
de los errores asociados a las técnicas de microextracción y a la inyección 
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manual en el caso de SBME y MLLE. El método HS lleva a cabo la 
extracción/derivatización simultánea de las especies en 20 min, mientras que el 
método MLLE/LVI–PTV realiza la derivatización de los analitos en tan sólo 2 
min, aunque en este último, la extracción y derivatización de las especies tiene 
lugar de manera secuencial. El método SBME minimiza al máximo la 
degradación de especies lábiles térmicamente, pero requiere 60 min para la 
extracción/derivatización por muestra lo que compromete la frecuencia de 
muestreo. Por otra parte el método HS–SPME es el menos sensible de todos los 
desarrollados, con LODs de 10 a 30 veces superiores a los obtenidos con los 
otros 3 métodos. Además este método es también el menos preciso debido a los 
picos en el cromatograma correspondientes al sangrado de la fibra que coeluyen 
con los analitos. En base a estas consideraciones este método no se propone para 
su aplicación a muestras reales. 
 
El método HS apenas exige pretratamiento de la muestra y la extracción, 
derivatización y volatilización de los HAAs se lleva a cabo simultáneamente en 
una sola etapa en el vial de muestra. Además, como se observa en la Tabla 4, 
requiere menor consumo de reactivos que MLLE/LVI–PTV. Por lo tanto el 
método HS se plantea como una alternativa simple, rápida y robusta con 
mínima manipulación de la muestra, automática y donde la derivatización se 
puede llevar in situ en la muestra acuosa simultáneamente con la extracción y la 
volatilización de las especies. Por ello la técnica de HS estático, ha sido la más 
aplicada en la presente Memoria. 
Método Capítulo LODsa 
(µg/L)
RSDa 
(%)
Tiempo de 
derivatización (min)
Temperatura de 
derivatización (ºC)
HS 3 0,1 7,5 20 60
HS-SPME 4 3,4 10,3 25 45
SBME 4 0,3 7,7 60 25
MLLE/LVI-PTV 4 0,08 7,8 2 55
a Valores medios para 9-13 HAAs.
Tabla 5. Características analíticas de las metodologías desarrolladas para la
determinación de HAAs en 10 mL de agua
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3. Aplicaciones 
3.1. Determinación de HAAs (clorados, bromados e yodados) en aguas 
tratadas 
En los Capítulos 3 y 4 se han  desarrollado métodos para determinar 
HAAs en muestras de aguas, fundamentalmente tratadas. El aseguramiento de 
la calidad de los resultados es un aspecto cada vez más demandado en el 
desarrollo de nuevas metodologías, sobre todo en el caso de métodos para la 
determinación de contaminantes. Debido a la ausencia de materiales de 
referencia certificados, los métodos fueron validados mediante la comparación 
de los resultados con un método normalizado. En este sentido, los métodos que 
se han desarrollado empleando HS y MLLE/LVI–PTV se validaron mediante la 
comparación de los resultados con el método de la U.S. EPA 552.2. El método 
desarrollado empleando SBME se validó con el método HS, que ya había sido 
previamente validado. 
Las metodologías propuestas en los Capítulos 3 y 4 se han evaluado 
mediante el análisis de muestras de grifo y de piscina. El método MLLE se ha 
empleado además para determinar HAAs en aguas de origen natural no 
tratadas (pozo y pantano). En la Tabla 6 se muestran los resultados derivados 
del análisis de diversos tipos de muestras de agua a lo largo de la Tesis 
Doctoral. Los resultados revelan que todas las aguas tratadas contienen entre 1 
y 7 HAAs clorados y bromados a niveles de µg/L además de una especie 
yodada. DCAA y TCAA están presentes en todas las aguas tratadas siendo 
además las especies que se encuentran en mayor concentración. En cambio 
CDBAA y TBAA no se detectaron en ninguna de las aguas analizadas, debido 
probablemente a que no se forman por el bajo contenido de bromuro en las 
aguas. MIAA sólo se encontró en las aguas cloraminadas a niveles de ng/L, no 
obstante hay que tener en cuenta que las especies yodadas son mucho más 
tóxicas que sus homólogas cloradas y bromadas. Los niveles encontrados en 
piscinas fueron mayores que en agua de grifo debido a las mayores dosis de 
cloro empleadas en estos sistemas y al aporte extra de materia orgánica por 
parte de los bañistas. En la Tabla se observa también que las piscinas al aire libre 
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tienen un mayor contenido en HAAs que las cubiertas, debido probablemente a 
un mayor aporte de materia orgánica en estas piscinas o una mayor cloración. 
Por otra parte, sólo se detectó TCAA a niveles de ng/L en dos de las 6 aguas de 
pozo y de pantano analizadas. La presencia de este compuesto en aguas no 
Muestra Total HAAs 
(µg/L)
HAAs 
encontrados
Concentración 
media (µg/L)
Grifo 21 ± 15 MCAA 2 ± 1
(n  = 24) MBAA 0.6 ± 0.4
DCAA 8 ± 7
TCAA 9 ± 7
BCAA 2 ± 1
DBAA 2 ± 1
BDCAA 3 ± 2
MIAA 0.2 ± 0.1
Piscina cubierta 190 ± 50 MCAA 21 ± 10
(n  = 30) MBAA 2.7 ± 0.2
DCAA 76 ± 10
TCAA 87 ± 15
BCAA 8 ± 6
DBAA 1.1 ± 0.7
BDCAA 5 ± 3
MIAA 0.4 ± 0.3
Piscina aire libre 305 ± 50 MCAA 28 ± 6
(n  = 10) DCAA 131 ± 20
TCAA 142 ± 50
DBAA 1.4 ± 0.2
BDCAA 2.6 ± 0.6
Pantano 0.04 ± 0.01 TCAA 0.04 ± 0.01
(2 positivas de 6)
n , número de muestras analizadas.
Tabla 6. Análisis de aguas
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tratadas puede explicarse bien por su uso como herbicida o bien por la 
degradación fotoquímica de disolventes clorados como el percloroetileno o el 
1,1,1-tricloroetano en el ecosistema. 
3.2. Determinación de HAAs (clorados y bromados) en orina. 
Evaluación de la exposición a HAAs en piscinas 
El análisis de muestras de orina se llevó a cabo por el método 
desarrollado en el Capítulo 3 empleando HS el cual permite realizar la 
derivatización, extracción y volatilización de los HAAs en una sola etapa dentro 
del vial y sólo necesita una filtración previa a través de filtros de celulosa de 
0.45 µM. Por lo tanto el método se plantea como una alternativa sensible y 
simple a los dos métodos descritos en la bibliografía, los cuales necesitan 
operaciones tediosas como extracción, centrifugación, acidificación, secado y 
reconstitución y que están fundamentalmente basados en la adaptación del 
método U.S. EPA 552.2 para aguas, en el que se lleva a cabo la LLE de los HAAs 
en MTBE y la derivatización en medio orgánico. El método HS propuesto 
proporciona LODs entre 0.01 y 0.1 µg/L, excepto para el TBAA (0.4 µg/L). Los 
porcentajes medios de recuperación oscilaron entre 92 y 95% (88–92% para el 
TBAA debido a su parcial degradación a bromoformo), lo que corrobora la 
ausencia de efecto matriz. 
El método se desarrolló con vistas a evaluar la exposición a HAAs en 
piscinas, debido a la ausencia de información en la bibliografía referida a este 
tema. Para ello se ha seleccionado la excreción de HAAs a través de la orina, 
como biomarcador. El estudio se realizó en los meses comprendidos entre enero 
y agosto de 2010 en una piscina cubierta y otra al aire libre, ambas localizadas 
en el Campus de Rabanales de la Universidad de Córdoba. El grupo de 
participantes en este estudio se compone de 24 trabajadores de las piscinas, 19 
nadadores (13 adultos y 6 niños) y 6 investigadores expertos. Las características 
físicas de los participantes así como la jornada laboral del personal de la piscina 
se resumen en la Tabla 7. Además, se ha incluido en el estudio un grupo de 
control con 6 sujetos que no experimentaron exposición al agua o ambiente de 
ninguna de las piscinas o a otras exposiciones accidentales a HAAs. Los 
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monitores y socorristas pasan su jornada laboral generalmente al borde de la 
piscina, el personal de administración en dependencias anexas y el de 
mantenimiento por todas las instalaciones del complejo. 
 
Debido a la escasez y a veces contradictorios datos de la bibliografía, en 
primer lugar se estudió la cinética de la excreción de MCAA, DCAA y TCAA 
(los 3 HAAs encontrados en el agua de la piscina de este estudio) en la orina de 
usuarios y trabajadores con el fin de seleccionar correctamente el período de 
muestreo y determinar el tiempo de vida media de estos tóxicos en el 
organismo. La cinética de excreción del MCAA no pudo estudiarse en 
trabajadores, ya que este compuesto no se detectó en la orina de estos sujetos. 
Los resultados obtenidos fueron similares para hombres y mujeres, 
observándose un rápido descenso inicial en la concentración de los HAAs que 
se ralentiza con el tiempo. Los mayores niveles se excretan entre 20 y 30 minutos 
después de terminar la exposición, disminuyendo a concentraciones no 
significativas a partir de las ~3 horas. Este estudio puso de manifiesto por 
primera vez que los trabajadores están expuestos a estos contaminantes a través 
21 monitores y socorristas 12 hombres 33 76 1.78 2-4
9 mujeres 31 61 1.67 2-4
3 técnicos de instalaciones/mantenimiento 3 hombres 41 88 1.84 1-4
13 nadadores adultos 5 hombres 25 76 1.72
8 mujeres 27 56 1.65
6 niños 2 niños 10 41 1.15
4 niñas 9 36 1.34
6 investigadores 3 hombres 26 75 1.77
3 mujeres 25 52 1.62
Tabla 7. Características físicas (valores medios) de los participantes y jornada laboral de los
trabajadores
Sexo Edad Peso 
(kg)
Altura   
(m)
Jornada 
laboral (h)
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de la vía inhalatoria a pesar de la baja volatilidad y alta solubilidad en agua que 
presentan estos compuestos, ya que estos sujetos se mantuvieron fuera del agua 
en todo el experimento. Los HAAs tienen más tendencia a encontrarse en el 
sistema acuoso que en el aire debido a su alta polaridad y solubilidad en agua, y 
a su baja volatilidad. Por lo tanto sólo se puede pensar que la exposición a los 
HAAs en el caso de los trabajadores tiene lugar principalmente a través de las 
microgotas de agua en forma de aerosol presentes en el aire de las piscinas 
cubiertas. 
En las curvas de excreción (Figuras S1 y S2 página 140, Capítulo 3) se 
observa además que el HAA excretado en mayor concentración en los 
nadadores es el TCAA (de acuerdo a su mayor concentración en el agua de la 
piscina), mientras que el HAA encontrado en mayor concentración en la orina 
de los trabajadores fue el DCAA (a pesar de que se encontraba en la piscina a 
niveles más bajos que el TCAA). Esto se debe a que las vías de entrada de los 
tóxicos en los usuarios y en los trabajadores de la piscina son diferentes. Así, la 
ingestión representa la ruta de exposición más importante para los nadadores, y 
por tanto la cantidad excretada de cada HAA está correlacionada con las 
concentraciones de los mismos en el agua de la piscina. En cambio, para los 
trabajadores la inhalación es la principal ruta de exposición. Estos datos 
sugieren también que la composición del aerosol acuoso puede ser ligeramente 
diferente a la del agua de la piscina. Así probablemente,  el TCAA por su menor 
volatilidad y mayor polaridad, tiene más tendencia a permanecer en el agua, 
mientras que el DCAA presenta mayor facilidad para pasar al aire en las gotas 
de agua aerosolizada. 
A la vista de estos resultados se ha considerado necesario llevar a cabo 
un estudio con el fin de estimar, desde un punto de vista cualitativo, la fracción 
de HAAs absorbidos por el organismo a través de las 3 posibles vías de entrada 
(ingestión, inhalación y absorción dérmica). Este estudio se realizó con 6 
investigadores (Tabla 7) que fueron seleccionados por su conocimiento del 
protocolo de toma de muestra. Los experimentos se realizaron a lo largo de un 
mes por quintuplicado y los valores medios obtenidos se muestran en la Tabla 
8. 
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Se realizaron 3 experimentos en días diferentes en los que los parámetros 
físico-químicos del agua y condiciones ambientales, como humedad relativa y 
temperatura ambiente de la piscina fueran similares. En una primera fase del 
experimento, los 6 sujetos se situaron durante 1 hora lo más cerca posible del 
borde de la piscina (~2 m) sin que hubiera ningún tipo de contacto con el agua. 
Durante este experimento (experimento A) los sujetos estaban completamente 
cubiertos (menos la cara y las manos), con el fin de minimizar la absorción por 
vía dérmica, y permanecieron sentados realizando actividades relajantes 
(lectura, trabajos con ordenadores, etc.). De esta forma la única vía posible de 
exposición fue la inhalatoria. En una segunda fase (experimento B), los 6 sujetos 
nadaron durante 1 h sumergidos en el agua de la piscina excepto la cabeza. De 
esta manera, las posibles vías de exposición son la inhalación y la absorción 
dérmica. Para obtener los datos estimados correspondientes a la vía de 
absorción dérmica, se deben restar las concentraciones obtenidas en el 
experimento A (inhalación). En este experimento se calculó la superficie del 
cuerpo en contacto con el agua de la piscina eliminando la superficie de la 
cabeza, ~7,8% del total de la superficie del cuerpo para el caso de un hombre 
adulto (valor medio ∼2,03 m2) y ~7,1% para una mujer adulta (valor medio ∼1,64  
m2). Finalmente, en una tercera fase del experimento (experimento C), los 
sujetos estuvieron nadando durante 1 h en la piscina. En este caso la exposición 
tuvo lugar por las 3 vías: inhalación, absorción dérmica e ingestión. Para 
calcular la fracción correspondiente a la exposición por ingestión, a las 
concentraciones obtenidas en este experimento C se le restaron las encontradas 
en el experimento B (inhalación y dérmica). A la vista de los resultados 
mostrados en la Tabla 8 se concluye que la exposición debida a la vía dérmica es 
la que menos contribuye (~1%) ya que los HAAs son polares y por tanto la 
absorción cutánea está muy impedida; le sigue la vía inhalatoria (~5%) y como 
cabría esperar, es la ingestión la ruta principal de entrada de los tóxicos (~94%). 
Finalmente, se estudió la exposición de los trabajadores y los nadadores 
(niños y adultos) a los HAAs en los dos tipos de piscinas (una piscina cubierta y 
otra al aire libre) analizando sus orinas entre 20 y 30 minutos después de la 
exposición. De forma simultánea, se determinó también la concentración de los 
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HAAs en el agua de ambas piscinas. En este estudio no se aprecian diferencias 
significativas en los resultados obtenidos para participantes adultos con 
características físicas diferentes (sexo, edad, peso y altura), con lo cual no hay 
que tenerlas en cuenta para la aplicación del método. No se detectó ninguno de 
los HAAs en la orina de los sujetos antes de la exposición, por lo tanto la 
concentración de los compuestos encontrada se relaciona directamente con su 
actividad en la piscina. Con respecto a las muestras de orina analizadas, se 
encontró MCAA, DCAA y TCAA en la orina de los nadadores de las dos 
piscinas, mientras que sólo se detectaron DCAA y TCAA en la orina de los 
trabajadores, principalmente cuando trabajaban en la piscina cubierta. 
 
En la Tabla 9 se muestran las concentraciones de DCAA y TCAA en el 
agua de ambas piscinas y en la orina de los trabajadores después de 2 y 4 h de 
exposición. No se detectaron HAAs en la orina de los recepcionistas ni del 
personal de mantenimiento de la piscina después de la jornada laboral aunque 
fuera de 8 h, por lo tanto estos sujetos no se incluyen en la Tabla. Esto es debido 
al escaso contacto con el aire interior de la piscina cubierta de estos trabajadores. 
Así, los recepcionistas desarrollan la mayor parte de su trabajo en una zona 
anexa al recinto de la piscina que está separada físicamente de éste. En el caso 
A Inhalación 
(A)
B Dérmica 
(B−A)
C Ingestión 
(C−B)
MCAA n.d. n.d. 603 ± 98 603 ± 98
DCAA 227 ± 41 227 ± 41 285 ± 45 63 ± 6 2628 ± 516 2344 ± 522
TCAA 79 ± 13 79 ± 13 98 ± 16 21 ± 5 5165 ± 984 5068 ± 988
Tabla 8. Concentraciones medias (ng/L) de HAAs excretados en orina a través de las 3 vías de
exposición
A, los participantes (completamente cubiertos) permanecen a ~2 m del borde de la piscina
durante 1 h (inhalación).
B, los sujetos (cabeza fuera del agua) caminan en la piscina sumergidos durante 1 h (absorción
dérmica e inhalación).
n.d., no detectado.
C, los participantes nadan durante 1 h (absorción dérmica, inhalación e ingestión).
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del técnico de mantenimiento se debe a que su presencia en el recinto de la 
piscina no excede de 15 min. Existe una correlación lineal entre la concentración 
de HAAs encontrados en la orina de los sujetos y las concentraciones en el agua 
de la piscina. Además la concentración en la orina se incrementa cuando 
aumenta el tiempo de exposición. Por otra parte, la absorción de HAAs en la 
piscina al aire libre por parte de los trabajadores es poco relevante, aunque sus 
concentraciones en el agua son similares e incluso superiores a las encontradas 
en el agua de la piscina cubierta, ya que el aerosol no se forma en estas piscinas, 
o si se forma, se dispersa en el ambiente. Por ello la inhalación de HAAs por 
parte de estos últimos trabajadores es mínima. 
 
En la Tabla 10 se indican los valores medios de MCAA, DCAA y TCAA 
en el agua de ambas piscinas y en la orina de los nadadores después de 1 h de 
natación/baño, para piscinas cubiertas y al aire libre. No hay diferencias 
significativas entre las muestras de orina de estos sujetos en ambas piscinas, y la 
exposición está directamente correlacionada con el nivel de HAAs en el agua 
debido a que la ruta de exposición principal es la ingestión del agua de la 
piscina. En cambio sí se observó una mayor concentración de HAAs en la orina 
de los niños, porque estos ingieren mayores volúmenes de agua (hasta 100 mL 
de agua en algunos casos). 
De todo lo anterior se puede concluir que la contaminación de los 
nadadores después de 1 h de natación/baño es mucho mayor que la de los 
trabajadores después de una jornada de 4 h. Esto se debe a que la vía más 
importante de exposición a moléculas polares como los HAAs, tiene lugar 
Agua piscina
Orina (2 h 
de jornada)
Orina (4 h 
de jornada)
Agua piscina
Orina (2 h 
de jornada)
Orina (4 h 
de jornada)
Piscina cubierta (n  = 21) 83000 ± 14000 313 ± 72 450 ± 94 117000 ± 21000 120 ± 25 139 ± 44
Piscina al aire libre (n  = 4) 148000 ± 15000 51 ± 13 58 ± 18 118000 ± 11000 n.d. n.d.
n , número de individuos estudiados.
DCAA TCAA
Tabla 9. Concentraciones medias (ng/L) de HAAs en la orina de trabajadores
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fundamentalmente a través de la ingestión accidental durante el baño. Sin 
embargo, es importante resaltar que los usuarios permanecen en las 
instalaciones de la piscina unas 2 h semanales, mientras que los trabajadores lo 
hacen al menos durante 4 h diarias. 
 
3.3. Determinación de HAAs (clorados, bromados y yodados) en 
bebidas alcohólicas y productos hortícolas (clorados y bromados) 
En esta última parte del Capítulo se discuten los aspectos más relevantes 
sobre el estudio de HAAs en bebidas alcohólicas y productos de IV Gama. Las 
metodologías empleadas para la determinación de los analitos diana en estas 
matrices se han descrito en el Capítulo 5 de esta Memoria. 
i) Bebidas alcohólicas: vinos y cervezas 
En este caso el estudio se centra en los 3 ácidos acéticos 
monohalogenados (m-HAAs), MCAA, MBAA y MIAA, que pueden aparecer en 
el vino y otras bebidas alcohólicas como consecuencia del uso fraudulento como 
conservante o debido al empleo de disoluciones acuosas de estos compuestos 
como desinfectante para limpiar los tanques, toneles y barricas en la bodega. 
Para ello se ha desarrollado un método por HS para determinar m-HAAs en 
vino y cerveza, en el que hay que tener en cuenta la complejidad de estas 
matrices.  
Agua piscina Orina Agua piscina Orina Agua piscina Orina
Piscina cubierta
Adultos (n  = 13) 26000 ± 8500 558 ± 137 78000 ± 9000 2294 ± 481 107000 ± 10000 4390 ± 937
Niños (n  = 6) 20000 ± 11000 870 ± 14 71000 ± 10000 3102 ± 760 105000 ± 14000 6092 ± 1261
Piscina al aire libre
Adultos (n  = 8) 25500 ± 5500 580 ± 151 154000 ± 14000 4979 ± 802 122000 ± 18000 4757 ± 857
n ; número de individuos estudiados.
Tabla 10. Concentraciones medias de HAAs (ng/L) en orina de nadadores, después de 1 h de baño
MCAA DCAA TCAA
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Se llevó a cabo un estudio exhaustivo de las interferencias de la matriz 
del vino, principalmente las debidas a los ácidos orgánicos y al etanol presente 
en la muestra. En primer lugar hay que tener en cuenta que los ácidos orgánicos 
(ácidos tartárico, málico y cítrico), que se encuentran a niveles de g/L, pueden 
reaccionar también con los reactivos derivatizantes limitando la derivatización 
de los HAAs, los cuales pueden estar presentes a niveles de ng/L o µg/L en la 
bebida. Para minimizar esta competencia se llevó a cabo un estudio exhaustivo 
del pH de la muestra, ya que este factor está relacionado con la disociación de 
todos los ácidos presentes en el vino y afecta a la eficiencia de derivatización de 
los HAAs. En este contexto, se seleccionó como solución de compromiso un 
valor de pH 2. En la Tabla 3 se incluyen los valores de pKa1 de los ácidos 
tartárico, málico y cítrico, los cuales son mayores de 3. Por lo tanto en estas 
condiciones tan sólo un 5% de los ácidos orgánicos se encuentran en su forma 
disociada y no se favorece su reacción con los reactivos derivatizantes. Además 
se emplea un exceso de reactivos para asegurar que los analitos diana se 
derivatizan completamente, como se ha indicado previamente. El estudio de 
interferencias revela que ninguno de los ácidos orgánicos compite con los 
analitos hasta concentraciones dos veces superiores a las encontradas 
habitualmente en vinos. En segundo lugar, para asegurar la aplicabilidad del 
método a bebidas alcohólicas con cantidades variables de etanol, se hizo un 
estudio riguroso de la posible interferencia del etanol en el espacio de cabeza 
del vial. Este estudio demostró que el etanol no afecta a la 
extracción/derivatización de los 3 m-HAAs en proporciones hasta un 15% 
(etanol:agua). Sin embargo, a mayor grado alcohólico (bebidas espirituosas) el 
etanol compite con los m-HAAs esterificados por el espacio de cabeza del vial 
evitando la volatilización de estos últimos. Las muestras analizadas tienen un 
contenido de etanol en torno al 4% y 14% para cerveza y vino, respectivamente. 
No obstante, el método puede aplicarse a bebidas espirituosas con alto 
contenido en etanol diluyendo la muestra entre 3 y 4 veces con agua mineral 
antes de su análisis. 
El método se validó mediante estudios de recuperación en muestras 
fortificadas de 3 tipos de vino (tinto, blanco y rosado) y dos cervezas diferentes 
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(de trigo y de cebada). Para facilitar la interacción de los analitos con la matriz, 
las muestras fortificadas se dejaron reposar 24 h antes de su análisis. La media 
de los porcentajes de recuperación de m-HAAs está en el intervalo 
comprendido entre 91 y 95% para todas las muestras, lo que demuestra la 
aplicabilidad del método. 
El método se aplicó al análisis de 25 muestras de vinos españoles (tinto, 
blanco y rosado) y 30 muestras de cerveza de cebada y de trigo procedentes de 5 
países distintos con diferente contenido en alcohol (0–8%). Como era de esperar, 
dado que la presencia de estos compuestos está prohibida en bebidas 
alcohólicas en USA y en Europa, no se encontró ninguna muestra positiva entre 
todas las analizadas. 
ii) Productos de IV Gama 
Se ha llevado a cabo un estudio de HAAs en productos de IV Gama 
(hortícolas), los cuales pueden contaminarse con residuos de estos compuestos 
en la etapa de lavado con hipoclorito sódico (u otros desinfectantes) a la que son 
sometidos en la industria alimentaria para eliminar la carga bacteriana y 
asegurar la calidad del alimento hasta su consumo. Los HAAs son compuestos 
polares y no volátiles, por lo tanto es presumible que puedan permanecer en el 
alimento durante más tiempo que otros DBPs. En el Capítulo 5 se describe el 
primer método desarrollado hasta la fecha para la determinación de los 9 ácidos 
acéticos clorados y bromados en productos de IV Gama empleando HS donde la 
lixiviación y derivatización de los analitos tiene lugar en una sola etapa, lo que 
permitió simplificar enormemente el tratamiento de la muestra. Por lo tanto el 
método se caracteriza por su simplicidad y elevada sensibilidad ya que presenta 
LODs entre 0.1 y 2.4 µg/kg. Los resultados revelan que este proceso de 
lixiviación/derivatización simultáneo fue exhaustivo. Además, según nuestros 
experimentos, los porcentajes de recuperación cuando el proceso de 
lixiviación/derivatización se llevó a cabo simultáneamente fueron más elevados 
que cuando se realizó de manera secuencial, lo cual se atribuye al hecho de que 
la lixiviación de los compuestos se favorece cuando se calienta el vial en el HS. 
Además la precisión fue ligeramente mejor cuando la lixiviación/derivatización 
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se lleva a cabo simultáneamente en el vial debido a que se emplea un menor 
número de etapas en el procedimiento analítico que son fuente de error. 
La aplicabilidad del método para la determinación de HAAs en 
diferentes tipos de productos hortícolas se ha evaluado mediante estudios de 
recuperación en muestras fortificadas a dos niveles de concentración. En este 
estudio se consideró una gran variedad de productos hortícolas empleados 
normalmente en la producción de productos de IV Gama: zanahoria, pimiento 
verde, lechuga iceberg, cebolla, espinaca y tomate. Los porcentajes de 
recuperación medios están comprendidos entre 89 y 96%. No se observaron 
diferencias significativas en las recuperaciones entre los diferentes tipos de 
matrices. Aunque en el caso del análisis de espinaca se observó una precisión 
algo menor debido al mayor volumen que ocupa esta muestra en el vial, lo cual 
dificulta la homogeneización/lixiviación con la disolución extractante durante 
la agitación. 
El método propuesto se aplicó a la determinación de HAAs en productos 
de IV Gama. En la Tabla 11 se muestran los resultados obtenidos en el análisis 
de 100 muestras, de las que 23 fueron positivas. Paralelamente se analizaron 25 
muestras de verduras enteras como muestra control, las cuales fueron 
suministradas directamente del campo y por lo tanto no están contaminadas. 
Dado que no se detectaron ninguno de los analitos diana en estas muestras, las 
concentraciones de HAAs encontradas en los productos de IV Gama se 
atribuyen a la etapa de lavado con desinfectantes en la industria alimentaria. 
Las 23 muestras positivas contenían entre 1 y 5 HAAs a niveles de µg/kg. 
DCAA y TCAA fueron los analitos encontrados más frecuentemente y a 
concentraciones más elevadas en las muestras siguiendo el paralelismo de las 
aguas tratadas. Hay que resaltar que, aunque la mayoría de las muestras 
contenían niveles bajos de HAAs, 4 de las muestras analizadas presentaban 
niveles muy superiores (21–55 µg/kg). Por lo tanto este estudio pone de 
manifiesto por primera vez que el alimento puede contaminarse con estos DBPs 
durante la etapa de lavado en la industria. 
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En los experimentos llevados a cabo se ha estimado que la contribución a 
la exposición a HAAs con una sola porción de ensalada puede constituir hasta 
una cuarta parte de las concentraciones máximas permitidas en aguas potables 
para un consumo de 2 L/día, lo cual es significativo en nuestra opinión. Por ello 
hemos llevado a cabo un estudio para eliminar estos tóxicos del alimento 
empleando productos asequibles en el hogar: agua, agua con sal, agua con 
vinagre, y agua con hipoclorito sódico (lejía). Los resultados obtenidos en este 
experimento muestran que al menos el 80% de estos contaminantes se eliminan 
Total HAAs
 (µg/kg) 
Zanahoria 21
Pimiento verde 0,7
Lechuga iceberg 1 41
Lechuga iceberg 2 6,8
Lechuga iceberg 3 7,9
Lechuga romana 1 4,6
Lechuga romana 2 8,7
Escarola 1,6
Espinacas 1 0,5
Espinacas 2 1,8
Espinacas 3 4.1
Espinacas 4 7,5
Espinacas 5 39
Mezcla de ensaladas 1 0,6
Mezcla de ensaladas 2 1,6
Mezcla de ensaladas 3 2.1
Mezcla de ensaladas 4 1,3
Mezcla de ensaladas 5 5,9
Mezcla de ensaladas 6 1,8
Mezcla de ensaladas 7 4,6
Mezcla de ensaladas 8 6,5
Mezcla de ensaladas 9 8,6
Mezcla de ensaladas 10 55
Tabla 11. Análisis de productos de IV Gama 
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al lavar el alimento antes de su consumo con un puñado de sal y agua 
abundante. Las otras alternativas, en cambio, a penas logran eliminar entre un 
40 y un 60% de HAAs de la superficie del alimento. 
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Las conclusiones se han extraído de los resultados experimentales 
obtenidos en las investigaciones realizadas a lo largo de la Tesis Doctoral y en 
base a los objetivos planteados en esta Memoria. A partir de esto las 
conclusiones más relevantes se resumen a continuación: 
1. Se ha desarrollado un método rápido, simple y sensible para la 
determinación de los 9 ácidos haloacéticos (HAAs) clorados y bromados 
en aguas por HS–GC–MS que permite llevar a cabo la extracción, 
derivatización y volatilización de los analitos diana en una sola etapa 
minimizando de esta manera el tratamiento de la muestra. La metilación 
de los HAAs se lleva a cabo con dimetilsulfato (DMS) como reactivo 
derivatizante y TBA–HSO4 como agente de pares iónicos. La adición de 
alícuotas (µL) de n-pentano como modificador favorece la derivatización 
y volatilización de los analitos con lo cual se consigue suavizar las 
condiciones de la reacción y minimizar/obviarla descomposición a sus 
respectivos trihalometanos. El mecanismo de derivatización propuesto 
se basa en una catálisis de transferencia de fase que implica 3 fases 
(acuosa, orgánica y gaseosa), en el que los HAAs se extraen en n-pentano 
con la ayuda del agente de pares iónicos, y reaccionan con DMS para 
formar sus ésteres metílicos. En este punto también se ha puesto de 
manifiesto la estabilidad térmica de los ésteres metílicos de los HAAs a 
la temperatura de trabajo en el portal de inyección. 
2. Se han desarrollado y comparado métodos de microextracción en fase 
sólida (HS–SPME) y en fase líquida (LPME) para la determinación de los 
9 ácidos acéticos clorados y bromados empleando DMS y TBA–HSO4. 
HS–SPME no proporcionó la sensibilidad adecuada para su aplicación a 
muestras de agua de grifo, además los disolventes empleados en la 
derivatización dificultan la adsorción de ésteres metílicos de los HAAs y 
deterioran la fibra acortando su vida media. En lo que se refiere a la 
LPME, la modalidad SBME es una alternativa barata que permite llevar 
a cabo la extracción y derivatización de los HAAs simultáneamente a 
temperatura ambiente, lo cual evita la degradación de especies lábiles 
térmicamente. Como contrapartida este método requiere 60 min para la 
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extracción/derivatización. La selección de decano como extractante ha 
permitido minimizar los problemas de suciedad de la fuente de 
ionización y de la columna cromatográfica relacionados con los 
disolventes comúnmente empleados en estas técnicas. 
3. Se ha desarrollado un método rápido, simple y sensible empleando HS–
GC–MS para la determinación de HAAs en orina en el que la 
derivatización de los analitos se lleva a cabo con DMS, TBA–HSO4 y n-
pentano como modificador. En este método la extracción, derivatización 
y volatilización de los analitos diana tiene lugar en una sola etapa, 
simplificando el tratamiento de la muestra considerablemente con 
respecto a los métodos convencionales desarrollados en la bibliografía. 
La sensibilidad del método (LODs a niveles de ng/L) ha permitido 
llevar a cabo la evaluación de la exposición a HAAs en piscinas 
empleando la orina como muestra biológica. 
4. Se ha evaluado la exposición a HAAs en trabajadores y usuarios (50 
voluntarios) de una piscina cubierta y otra al aire libre. El estudio de la 
cinética de excreción de los 3 HAAs encontrados en el agua de la piscina 
(MCAA, DCAA y TCAA) ha revelado que la excreción de estas especies 
(que no se metabolizan en el organismo) en la orina es máxima entre 20 y 
30 min después de la exposición y que se eliminan totalmente del 
organismo después de ~3 h. Este trabajo ha puesto de manifiesto por 
primera vez que los HAAs se encuentran en el aire de las piscinas 
cubiertas en las microgotas de agua en forma de aerosol, y por tanto 
puede ser una fuente de exposición por inhalación para los trabajadores 
de estos ambientes cerrados. La exposición de los trabajadores en la 
piscina al aire libre fue despreciable, debido a que el aerosol no se forma 
o si lo hace se dispersa en el aire. La exposición en los nadadores fue 
similar en ambas piscinas dado que la principal vía de entrada en estos 
sujetos es la ingestión. La estimación cualitativa de las 3 posibles vías de 
exposición a estos compuestos ha revelado que la ingestión es la vía de 
exposición más importante (~94%), seguida de la inhalación (~5%), la 
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cual no debe considerarse despreciable, y de la contribución dérmica 
(~1%). 
5. Se ha llevado a cabo un estudio de los reactivos derivatizantes 
comúnmente empleados en la bibliografía para la metilación de los 
HAAs. Para ello se han evaluado las posibilidades de la derivatización 
en medio acuoso con DMS y TBA–HSO4, y la derivatización empleando 
metanol y ácido sulfúrico tanto en medio acuoso como en medio 
orgánico. Para llevar a cabo este estudio se ha empleado una etapa de 
micro-LLE con vistas a simplificar el método así como para reducir el 
consumo de extractante. En este punto se ha ampliado el estudio de los 
ácidos acéticos clorados y bromados con sus homólogos yodados de 
acuerdo con el objetivo específico 6 de la Memoria. La derivatización en 
medio acuoso con metanol y ácido y la posterior extracción de los ésteres 
con 250 µL de MTBE se plantea como la mejor alternativa, la cual ha 
permitido simplificar el tratamiento de la muestra y acortar el tiempo de 
análisis con respecto al método U.S. EPA 552.2. El empleo de energía 
asistida por microondas ha posibilitado reducir drásticamente el tiempo 
de derivatización (2 min). Hay que mencionar que la inyección del 
extracto en LVI–PTV–GC–MS ha permitido minimizar la generación de 
residuos orgánicos en consonancia con la tendencia actual de una 
“Química Verde” y permite obtener una mejora ostensible de la 
sensibilidad del método. 
A lo largo de la Tesis Doctoral han surgido nuevos ítems 
relevantes relacionados con la posible presencia de HAAs en bebidas 
alcohólicas y productos de IV Gama, donde pueden aparecer como 
consecuencia de los tratamientos en la industria: 
6. Se ha desarrollado un método empleando HS–GC–MS para la 
determinación de los 3 HAAs monohalogenados (MCAA, MBAA y 
MIAA) que pueden aparecer en las bebidas alcohólicas por su uso 
fraudulento como conservantes y/o desinfectantes de los toneles y 
barricas. Este método presenta mejoras importantes con respecto a los 
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métodos desarrollados en la bibliografía porque permite realizar 
simultáneamente la derivatización y volatilización de los analitos en el 
propio vial y proporciona LODs a niveles de µg/L. Para asegurar la 
aplicabilidad del método se ha llevado a cabo un estudio riguroso de la 
influencia de la matriz de la muestra debida a los ácidos orgánicos del 
vino (que se pueden metilar) y al contenido de etanol en la bebida (que 
se puede volatilizar). Este estudio ha puesto de manifiesto que no hay 
efecto matriz significativo. El método se ha aplicado al análisis de un 
elevado número de muestras de vino y cerveza, poniéndose de 
manifiesto la ausencia de HAAs en estas bebidas. 
7. Se ha desarrollado el primer método para la determinación de los 9 
ácidos acéticos clorados y bromados en productos de IV Gama 
(hortícolas) por HS–GC–MS, donde la lixiviación, derivatización y 
volatilización de los HAAs se lleva a cabo en una sola etapa. El método 
propuesto se plantea como una alternativa simple y sensible que ha 
permitido su aplicación al análisis de productos de IV Gama. Este 
estudio ha puesto de manifiesto por primera vez la presencia de HAAs 
en estos productos, lo cual demuestra que pueden contaminarse con 
residuos de DBPs durante la etapa de lavado con desinfectantes en la 
industria alimentaria. También se ha demostrado que un lavado del 
alimento con agua abundante y sal puede ser una alternativa casera 
efectiva para eliminar al menos el 80% de estos compuestos del alimento. 
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The conclusions are drawn from the results of the research work and 
based on the objectives described in this Report. The main conclusions are as 
follows: 
1. A rapid, simple and sensitive method for the determination of the 9 
chlorinated and brominated haloacetic acids (HAAs) in water by HS–
GC–MS has been developed. HAAs were extracted, derivatized and 
volatilized in a single step thereby minimizing sample treatment. 
Methylation of HAAs is performed with dimethylsulfate (DMS) as 
derivatizing reagent, and TBA–HSO4 as ion pairing agent. The presence 
of aliquots (µL) of n-pentane as modifier favors the volatilization and 
derivatization of the analytes using softer conditions, which also 
minimized/avoided the degradation of HAAs to their respective 
halogenated hydrocarbon. A mechanism for derivatization on the basis 
of a phase transfer catalysis was proposed which involves a 3 phases 
system (aqueous, organic and gas). In this system, HAAs form an ion 
pair with TBA–HSO4 which firstly diffuses into the organic phase and 
secondly reacts with DMS to produce methyl haloacetates. At this point, 
the thermal stability of the methyl haloacetate standards at the 
maximum operating injection port temperature has also been 
highlighted. 
2. Two microextraction methods (HS–SPME and LPME) for the 
determination of the 9 chlorinated and brominated acetic acids in water 
have been developed and compared. The species were derivatized using 
DMS and TBA–HSO4. HS–SPME method provides inadequate sensitivity 
to quantify HAAs at the level usually found in tap water. In addition, 
the organic solvents employed in the extraction/derivatization of the 
HAAs hinder the sorption of the esters in the fiber, which is damaged 
shortening its life. With regard to the LPME, the SBME mode represents 
a cheap alternative to perform the simultaneous extraction and 
derivatization of HAAs at room temperature, which avoids degradation 
of thermally labile species. As a counterpart this method requires 60 min 
for the extraction/derivatization. Decane was selected as the extractant, 
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which minimizes dirt problems in the chromatography column and 
ionization source related to the commonly used solvents in these 
techniques.  
3. A rapid, simple and sensitive method for the determination of HAAs in 
urine by HS–GC–MS has been developed, where derivatization of 
analytes is carried out with DMS, TBA–HSO4 and n-pentane as a 
modifier. The extraction, derivatization and volatilization of the target 
analytes is carried out in a single step, which simplifies the sample 
treatment regarding conventional methods in literature. The sensitivity 
of the method (LODs at ng/L levels) has enabled the evaluation of the 
exposure to HAAs in swimming pools using urine as a biological 
sample. 
4. The exposure of workers and swimmers (50 volunteers) to HAAs in an 
indoor and an outdoor swimming pool has been evaluated. The kinetic 
of urinary excretion of the 3 HAAs found in the swimming pool water 
(MCAA, DCAA y TCAA) has been established. The results showed that 
HAAs (which are not metabolized) appeared 20–30 min after exposure 
and were eliminated after ~3 h. This work has shown for the first time 
that HAAs are present in the ambient air of the indoor swimming pools 
in drops of water in aerosol form, and therefore this can be a route of 
exposure through inhalation for workers in these closed environments. 
HAA uptake in workers at the outdoor pool was negligible. This can be 
ascribed to the fact that aerosols are not formed, or they were probably 
dissipated in the air around outdoor pools. There are no significant 
differences between swimmers’ urine in both pools since the main route 
of exposure was ingestion. The estimation in a qualitative sense of the 3 
possible exposure routes to HAAs indicated that ingestion is the major 
route of exposure (∼94%), followed by inhalation (∼5%), which should 
not be considered negligible, and dermal contribution (∼1%). 
5. The derivatizing reagents commonly employed in the literature for the 
methylation of HAAs have been evaluated. For this purpose aqueous 
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derivatization with DMS and TBA–HSO4, and acidic methanol 
derivatization in both aqueous and organic media have been evaluated. 
To carry out this study a micro liquid-liquid extraction step was used in 
order to simplify the method and decrease the consumption of 
extractant. At this point, the study of chlorinated and brominated acetic 
acids has been extended to their iodinated homologues in accordance 
with the specific objective 6 of this Report. The acidic methanol 
derivatization in aqueous medium and subsequent extraction of the 
methyl esters using 250 µL of MTBE arise as the best alternative, 
requiring minimal sample manipulation and shorter analysis time 
compared to U.S. EPA method 552.2. The use of microwave energy 
drastically reduced reaction time (2 min). It should be mentioned that 
the injection of the extract in LVI–PTV–GC–MS minimizes the 
generation of hazardous residues in accordance with the principles of 
“Green Chemistry” and provides a notable improvement of the 
sensitivity of the method. 
Throughout the Doctoral Thesis new relevant items have arisen 
in relation to the possible presence of HAAs in alcoholic beverages and 
minimally processed vegetables (MPV), which may occur as a result of 
the treatments in the industry: 
6. A method using HS–GC–MS has been developed for the determination 
of the 3 monohalogenated acetic acids (MCAA, MBAA y MIAA) which 
can be found in alcoholic beverages due to their fraudulent use as 
preservatives and/or disinfectants of tanks and barrels. This method has 
significant advantages over the methods developed in the literature 
because allows simultaneous derivatization and volatilization of the 
analytes in the vial and provides LODs at µg/L levels. To ensure the 
applicability of the method, a rigorous study of the influence of the 
sample matrix was done. The study examined the influence both of the 
primary acids present in wine on the derivatization reaction of the 
HAAs and of the ethanol concentration on the headspace partitioning. 
No significant matrix effect was observed. The method was applied to 
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the analysis of a large number of wine and beer samples. The study 
shows the absence of HAAs in these drinks. 
7. The first method to determine the 9 chlorinated and brominated acetic 
acids in MPV samples by HS–GC–MS has been developed where the 
leaching, derivatization and volatilization of the HAAs is carried out in a 
single step. The proposed method is raised as a simple and sensitive 
alternative which has allowed its application to the analysis of MPV 
samples. This study shows the presence of HAAs in these products for 
the first time, which shows that they can become contaminated with 
DBPs during the washing step with disinfectants in the food industry. It 
has also been shown that washing the food with salted tap water may be 
an effective home alternative to remove at least 80% of these compounds 
from food. 
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